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ABSTRACT

Spindle-assembly design for machine tools, and other applications
in which stiffness is of paramount importance, requires accurate knowledge of
the stiffness of the associated bearings. Calculations of the stiffness of
rolling bearings are normally made assuming zero clearance and 'infinitely
rigid' races. The resulting discrepancy between a calculated value of stiffness
and that which is likely to obtain for the assembled bearing in practice is
normally resolved by a correction factor, whose value can cover a wide range,
and about which comparatively little is knowm. In_this investigation the
effect of clearance or interference, and the use of a range of compliant
shafts and housings has been examined.

' The work is in two sections, the first being concerned with
calculations and results for rigid races, in which the effect of clearance
and interference is of primary interest. Nomograms for radial roller and
ball bearings are pfesented, to enable the bearing deflection to be found
quickly and easily. -

~The second section concerns the investigation of various types of
fully-flexible bearing assembly, using a finite-element computer program
which has been developed to evaluate the deflections, rolling element load
distributions; stresses, and deflected shapes of races. Computed results
show good correlation with experimental results on an Araldite model using
a modified frozen-stress technique. Using the finite-element analysis, the
effects on bearing pérformance of boss, wall thickness of shaft, local stiff-
ening members, and the existence of other bores or openings in the supporting
wall of the housing, were evaluated for a range of values of radial clearance
or interference, radial load and rotational speeds A further point of invest-
igation concerned the feasibility of artificially modifying the roller load
distribution, by using slightly non-circular outer races, to obtain both
improved life and rigidity for a given bearing configuration.

The work shows that the 'rigid race' assumption can lead to
ﬁnrepresentative values of calculated bearing stiffness. The results of
computation indicate and provide means of achieving improved design of an

overall bearing assembly.,
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Description
R N
Constant of deflection equation of the form, & = AP, for a

" single rolling element loaded between two platens, considering

8 in in. and P in 1lbs. Al is for one contgct area and, A2 for
two. contact areas.

Basic dyanmic capacity.

Basic static capacity.

Radial cleérance (positive for play and negative for interference).

Pitch diameter of rolling elements,

Outer race track diameter.

Inner race track diameter.

Diameter of rolling elgment.

Young's modulus in 1b./in2.

E/(1-1/m2).

Centrifugal force of a rolling element.

External radial load on bearing.

Material factor, 49,500 for roller bearings when pound and inch
units are used.

Factor for dynamic capacity.

Modulus of rigidity, G = E/(2(1+1/m)).

Gap between the races at rollef position j.

Constant, for load deflection relation of the form P = Két for a
single rolling.element loaded between two platens, considering

6 in in. and P in 1bs. Kl is for one contact area and, K2 is for
two contact areas.

Ratio of total radial bearing deflection considering fully-elastic
races to the bearing radial deflection considering rigid races.
Ratio of the body deflectin of bearing outer race considering
fully-elastié races to the bearing }adial deflection considering

rigid races.

Incremental stiffness of bearing (inverse of slope of & vs.-Fr

curve).
Average stiffness = F /6
Fatigue life of bearing in millions of revolutions (mr).

Length of roller.
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Descriétion
Poisson's ratié. ‘
Exponent in deflection equation of the forﬁ, 6 = APN, for a
single rolling element loaded between two platens.
Angular speed in revolutions per minute (R.P.M.).
Load on the peak rolling element which is in direction of
radial load.
Radial load component on the peak rolling element.
Equivalent radial load.
Load on any roller at position j.
Load on rolling element j at outer race contact.
Load on a rolling element j at inner race contact.
Exponent for bearing life-load re%ationship.
Radius of a contacting body.
ExponenF in lcad deflection relation of the form P = Két for a
single roller loaded between two platens, t = 1/N.

Load sharing factor, (P, x Z/Fr)'

1r
Surface velecitye.

Number of rolling elements in a bearing.

Normal strain.

Shear strain.

Radial deflection of bearing.

Outer race deflection.

Inner race deflection.

Body deflection of outer race.

Deflection of peak rolling element which is in the direction of
radial load.

Deflection at rolling element position j.

Deflection at outer race contact for rolling element position j.
Deflection at inner race contact for rolling element position j.

Projection of loaded zone on bearing diameter, € = 1(1—%—)
r
Capacity reduction factor for stress concentration.

Mass density.
Normal stress.

Shear stress.
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Description

Angular pitch between two consecutive rolling elements.
Angular position of rolling element j from direction of radial
load. ‘

Angular exten£ of loaded zcne from direction of radial load.

Angular speed in radians per sec.

Outer race.
Inner Race.

Cage.

" Roller position.

Radial.

10



11

CHAPTER 1 INTRODUCTION, REVIEW OF LITERATURE, AND
OUTLINE PLAN OF WORK

1.1 INTRODUCTION

The primary consideration in machine tool bearing applications is
high rigidity, and this is therefore of predominant interest in this work.

All structural elements in the load path must deflect under cutting loads, and
the work of Opitz (1)* has shown that a significant part of the overall deflec-
tion occurs at the spindle assembly. )

.The spindle deflection at the cutting zone is due partly to the
bending of the spindle itself, and partly to the deflection 6f the bearings and
housings. The bearing deflection contributes about 30 to 50 percent of the
total spindle deflection. The optimum bearing spacing to spindle overhang ratio
of a spindle assembly for minimum deflection at the cutting zone depends partly
on the rigidity of the assoc%ated bearings, which if inaccurately estimated will
influence the calculated 'optimum' bearing layout.

It is thus important to have procedures for determining accurately
the deflection of an assembled béaring, and.information concerning the achieve-
ment of maximum rigidity.

The methods most widely available in literature for calculating
rolling bearing deflection are based on the assumptions of zero clearance, and
that the races are rigid and remain cigcular on loading. However, the deflec-~
tion of a given rolling bearing naturally depends upon the condition of play or
preload, and the shape of the races under load, and hence the design of its
supporting houéing and shaft.

"In some experiments reported in the literature, the deflection of
a radial rolling bearing is taken to be the deflection . at the 'peak' roller,
which is in the direction of the radial load. This is very nearly true
in cases where tﬁe housing and shafts provide sufficient 'backing up' rigidity
for the races, so that they virtually retain their circular shape on loading.
However, the actual deflection of the bearing is the sum of the deflection of the
peak roller and the associated contact deflections of the races, the deflection
due to change in shape of the races, and the deflection due to the change in

position of the outer race. Hence overall deflection is dependent on the

* Numbers in brackets designate references.
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bearing assembly (bearing, shaft, and housing) as a complete structure.
Information 1s needed on the deflec£ionlbehaviour of bearings
under realistic support conditions. The designer needs to know what scope
exists for obtaining more rigidity from a given bearing by the judicious
use of preload, and also the effects of different designs of housing and
shaft on the overall performance of the spindle assembly.
Although applications to machine tool spindles have been a guiding
c?nsideration, the results are, of course, relevant to other applications in

which rigidity is an important criterion.

1.2 REIVEW OF LITERATURE ~

Research on the rigidity of individual elements of machihe tool
structures, such as-flanged joints, columns, spindles, etc., has been carried
out by a number of workers, and these, and other aspects of importance in
machine-tool engineering have been comprehensively reported by Koenigsberger
in reference 2.

In tests on a grinding machine, Opitz (1) found that the total

- deflection at the cutting zone comprised

element deflection as percentage of total
flange at base of column 13%
slide between beam and column 27%
grinding spindle assembly. _ 42%
feed spindle - 18%

This specific example illustrates the importance of reducing spindle
deflection, which can be taken as applying equally to machine tools in general.
The stiffness of the spindle assembly is generally greater in the axial direc-
tion, than in a direction perpendicular to the axis. However, in most cutting
operations, adequate stiffness in the perpendicular direction is of first
importance, although axial stiffness is of importance in lathe facing operations,

-and end milling and drilling.

l.2.1 COMPONENTS OF SPINDLE DEFLECTION

The deflection measured at the cutting zone due to a fo;ce at right
angles to the spindle axis, references 1, 3, comprises:
(1) the deflection of the support, (i.e. bearings and their housings).
(2) the deflection of the spindle itself,

The spindle deflection is derived from the case of an elastic beam
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on rigid supports, and the bearing component from the case of a rigid beam on
elastic supports. Superimposition gives the total defiection as shown in
fig. l.1la.

Investigations by Opitz (1) on different lathes have shown that
the share of the total deflection due to the spindle amounts to 50-70 percent
and that of the bearing between 50 and 30 percent.

From these deflections the optimum bearing span to overhang ratio
for minimum deflection at the point of applicatien of load of a spindle can be .
found, as shown in fig. l.1lb.

Stansfield and Bell (4) give procedures for determining the optimum
spacing of bearings for a two-kearing spindle taking into account bearing stiff-
ness and spindle deflection due to bending and shear. The design of machine
tool spindles supported at three positions is treated in reference 5.’

Opitz et al.in reference E,Eave shown that the compliance of the
spindle-bearing system can be considerably influenced by the compliance of the
bearings if the spindle is very stiff. As shown in fig. l.2a, at low values
of bearing stiffness the increase of total compliance, consisting of the spindle
compliance and the kearing compliance is mainly due to the bearings. Conversely,
at high values of bearing stiffness, the compliance of the system is almost
unaffected by the bearings.

The importance of finding the stiffness of the bearing is also
stressed in the above reference, by illustrating the effect of the front bearing
stiffness on the optimum kearing spacing at which the deflection at the point of
load application is a minimum for a given overhang, moment of inertia of spindle
cross—section, and stiffness of the rear bearing, as shown in fig. 1l.2b. This
figure shows that the optimum bearing spacing, in particular at low values of
bearing stiffness, has to be adjusted to suit the bearing that is to be used
in order to maintain high static stiffness. The stiffness of the bearing must
therefore be known precisely in order to optimise the design of a spindle-bearing
assembly.

The deflection of the bearing can be reduced in a number of ways,
for example by increasing the number of rolling elements, by reducing the clear-

ance and, if it is a roller bearing, by increasing the length of the rollers.



14

l.2.2 PRELOADING A ROLLING BEARING

Preloading a rolling bearing means the introduction of some
'negative play'. Preloading bearings by even a small amount increases the
stjffness considerably. This fact was reported early in the 1930's, for
example in references 6 and 7. A number of recent papers (1, 3, 8 -~ 10)
have appeared, some of which give detailed analysis of calculating deflections
of bearings with play or preload. :

An appropriate degree of preloading also increases bearing life.
This is reported in references 9, 1l , which also give the method of estimating
the life of bearings with play or preload, assuming rigid races.

A recent book by Harris (12) gives a comprehensive account of these
aspects. . J

However, the effect of play or preload on bearing has not so far
been considered fully; a few examples covering a narrow range in the case of
rigid races only having been presented. The need was gherefore for a full
investigation into the effects of play and preload for rigid races, over a wide
range of conditions. To investigate further the effect of flexibility of the
races necessitated the development of 'a new procedure for calculation (as well
as experiment), and this was to form the main part of the work.

Opitz (1) investigated the effects of preloading on the stiffness
of the spindle-bearing system. Fig. l.3a, taken from this reference, shows that,
the total deflection due to the 1000 kg. load is reduced from 30 um to 16 pum by
reducing the 15um radial play of the front bearing to an interference of -15um.
The main effect is on the bearing deflection, which is reduced from 1l6um to
Sume  The spindle deflection is also reduced from l4pm to 1llpm due to the
clamping action of the bearing which resists moments. The radial play of the
rear bearing was kept constant at 2um.

Errors of roundness in the spindle and the housing readily deform
the relatively flexible races, and the resulting sligntly non-round races produce
rotationally non-uniform stiffness of the bearing. Stiffness variation with
direction of applied load is much wider for positive play than for negative play.
Opitz et al.(3) found 18 percent variatipn in deflection for a bearing with
positive play of 5um, which decreased to 5 percent when it was preloaded with
an interference of -15um.

Fig. 1.3b (from Opitz (1)) shows the static and dynamic deflections
of the chuck and tool-holder of a lathe, taking the relative deflections (i.e.

type 1) as 100 percent. The tool-holder deflection decreases from 70 percent
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under a static load to only 10 percent under dynamic load, due to the,
effective damping in theslide-ways . of the cross slide. However, chuck
deflection increases from 30 percent to 90 percent due to the lower damping
of the spindle assembly. Fig. 1.3c shows that the resonance amplitude
decreases, and damping increases, with decrease in radial clearance. This
illustrates the beneficial effect of increasing static stiffness by preloading,

on the dynamic performance of a bearing.

1.2.3 EFFECT OF FLEXIBILITY OF THE BEARING SUPPORT

For calculation of bearing deflection, the assumption is normally
made that the races are rigid, and retain their circular shape on loading.
However, races are in fact elastic and deflect under load; in turn, this modi-
fies the load distribution among the rolling elements, and hence the deflection
of the bearing. The deflected shape of the races depends upon tﬁe design of
the sﬁpporting structure (i.e. housing and shaft). . The effect of flexibility
of races and supports has been considered by some research workers and reported
in references 3, 13 - 16, Opitz et al.(3) report an increase in deflection of
approximately 6 percent using hollow spindles with a ratio of bore to outer
diameter of up to 0.5, and reduction in the external diameter of the bearing
housing from 320 mm. (12.6 in.) to 240 mm. (9.4 in.) leads to an increase in
deflection of approximately 32 percent with zero clearance bearing, and 29
percent with 5 um negative clearance. Minnich et al.(13) have found the effect
of different types of elastic races on the load distribution among the rollers
in zero clearance radial roller bearings by photoelasticity.
- Crookall (15) investigated the rigidity of bosses on flat plates
subjected to a transverse moment, using a modified frozen-stress technique.
The bearing configuration simulated Qas that of a pair of ball or roller
bearings, one situated at each end of the bore; this gives good support to a
moment on the spindle. The use of this modified frozen-stress technique ﬁas the
advantage that it permits direct measurement of the deformation of the race
tracks. Datta (16) used the same technique to find the effect of fully elastic
races on rolling element load distribution and the shape of the races under
load. He also used Araldite rollers in aluminium races to simulate bearing
having infinitely rigid races.

Jones (17) gives a general theory for a system of ball and radial
roller bearings under arbitrary condition of load and speed. He considers the

deflection of the shaft and supporting structure and sets up a system of simul-
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taneous non-linear equations in terms of 'influence coefficients'. If the
influence coefficients are known, the system of equations can be solved for
deflections of the system and load distribution among the rolling elements.
However, in this theory he assumes that the bearing races retain their
éircular shape on loading.

Stansfield and Bell (4) give values (table 1l.1) for a correction
factor K, which when multiplied by the calculated bearing deflection assuming
zZero clearancé and rigid races, gives the deflection for the 'actual' bearing
application. This table was prepared from the measurements reported by other
research workers. One of the objectives in the present work was to re-evaluate
this correction factor, and values for different types of housings and shaft

used in the present investigation are given in chapters 6 and 7.

l.2.4 INFLUENCE OF BEARINGS 1IN COMPONENTS OTHER THAN THE SPINDLE
' ASSEMBLY

The rigidity of bearings used in other parts of the machine tool
(besides the spindle assembly) also affectsthe accuracy of the work-piece.
For example, the radial deflection of bearings in gear boxes alsc has - quite
an important effect on the torsional rigidity of transmission as shown by the
calculation of EL Tamimi (18). He showed that the total torsional stiffness
of the gear box increases considerably with increase in the bearing stiffness.
His calculation of the percentage of element contribution for different arrangs-
ment gear boxes shown in table 1.2, indicates that the contribution of the
bearings to the torsional rigidity of transmission may be as high as 57 percent,

and this may be reduced to arcund 13 percent by increasing the bearing rigidity.

1.2.5 GENERAL TECHNIQUES

The analysis of machine tool structures and elements can be made

either,
(1) by analytical methods,
(2) by experimentation with actual machine tools, as is described in,
for example, references 1, 3.
(3) experimentally using models as is described in, for example, ref-
erences 13, 15, 16, 19, 20, and
(4) by using a computer as is described in, for example, references

" 21 - 25.

Methods 1, 3 and 4 have been used in this investigation.
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1.3 OUTLINE PLAN OF PRESENT WORK

The work has been divided into two main parts, one considering
rigid bearing races (chapters 2 and 3), and the other considering fully
elastic races (chapters 4 to 6).

In the first part, bearing deflection, rigidity, rolling element
load distribution, etc., have been calculated on the assumption of rigid races,
varying the radial clearance and number of rollers. '

The background theory is given in chapter 2. The load-deflection
relationships for ‘individual rolling elements have been investigated, and
different load-deflection formulae are also compared in this chapter. The
results of calculation for rigid race bearinhgs are given in chapter 3. A
method of finding the deflection of these bearings using nomograms, is also
given in this chapter.

A complete model radial roller bearing has been tested, and the
results obtained are compared with those for rigid races, in chapter 4. )

A finite element program has been developed to give the deflected
shapes of the races, deflection of the various bearing components, rolling
element load distribution and stress distribution in the races, for a bearing
with fully elastic races. Some short notes on this program are given in
chapter 5. In this chapter a method of comparing lives of different rolling
bearings, by calculating the equivalent load on the beéring from the rolling
element load distribution, is also given. |

Load-deflection characteristics for individual Araldite rolling
elements have been found using the finite element method, and compared with the
experimental results, They have then been used as data in the computer program
developed in chapter 5 to solve the complete Araldite rolling bearing problem
with fully elastic races. The results obtained are compared with the experi-
mental ones, in chapter 6. This‘Chapter also gives other results obtained by
the computer program for Araldite bearings having different radial clearances,,
radial loads, speeds and shapes and amounts of outer race relief. Outer race
relief has been used, in an attempt to modify artificially the rolling element
load distribution to increase both life and rigidity for a given bearing con-
figﬁration.‘

_ Various types of housing and hollowness of shafts have been con-
sidered for steel bearings with the finite element prbgram, to find their
effect on the total and component bearing deflections, the rolling element load

distgibution, equivalent load, etc. The results are given in chapter 7.
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THEORETICAL BACKGROUND FOR
CHAPTER 2 BEARINGS WITH RIGID RACES

2.1 GENERAL

The load applied on a rolling bearing is transmittéd through
the rolling elements from one race to the other. The magnitude of load
.transmitted by any individual rolling element depends on the internal
geometry of the bearing and the type of load impressed on it. The object
of this chapter is to present the theoretical methods used to determine the
rolling element load distribution, bearing deflection and bearing performance
taking into account the radial play or interference that may be present in

the bearing by considering the bearing races to be rigid.

242 SELECTION OF BEARING TYPE AND SIZE
Type of bearing:

There are mainly two types of load component which have to be
carried by the bearings of a machine tool spindle. They are radial load

and axial load. These loads may be carried by a combination of:

(a) radial and thrust bearings
(b) angular contact bearings
(c) both (a) and (b).

The peak rolling element load in a radial rolling bearing,
which theoretically (assuming rigid races) defines the deflection of the

bearing, is given by the relation

Sf X Fr
P1r = ) (2.1)

where Sf is the load sharing factor

Fr is the radial load
Z 1is the number of rolling elements.
For a thrust bearing with axial load any rolling element load,

which'defines bearing deflection, is given by

P. =_ ’ (2.2)

Equations (2.1) and (2.2) show that the peak rolling element
load (and hence bearing deflection) is greater for radial bearing by the load-

sharing factor Sf. For radial roller bearings Sf = 4.08, and for radial ball
bearings, Sf = 4,37, with zero play. In practice, bearing races are not of

course rigid, and the rolling element load distribution in a radial bearing
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may change significantly due to deflections of the races under load, with
resulting effects on the load-sharing factor, and overall bearing perfor—
mance. This represents a major area %or investigation.

In the case of thrust bearings with axi-symmetric races and
‘housings, the change in rolling element load distribution due to true axial
load is small to negligible as the change in geometry of the tracks perpen-
dicular to the direction of rolling (which is responsible for the load dis-
tribution), is insignificant, though the races are compressed uniformly in
this directione. Similar considerations apply to some extent for the effects
of radial and axial components of load on an angular contact bearing.

The most rigid form of rolling bearing is the 'line contact' or
roller type, and thus for this and the reasons mentioned earlier, the present
investigation is mainly concerned with radial cylindrical roller bearings.
However, similar considerations and principles wbuld apply to the other types
of radial bearings.

Size of bearing:

The circular pitch of roller spacing in a radial roller bearing

is given by

circular pitch = %? (DO - d) (2.3)
where DO is the outer race diameter

d is the roller diameter.

As one of the main interests is to find the effect of race
deformation on roller load distribution, at least 5 rolling elements in one
quarter of the bearing has been deemed desirable, giving the total number of
rollers in the bearing, Z = 20. The only exception to this bearing con-
figuration concerned a study of the effect of the number of rollers on
rigidity of bearings when considering rigid races.

The dimensions of the various bearing components chosen are

as foilows:

Outer race diameter = D = 3.0 in. (76.2mm)
Inner race diameter = D, = 2.4 in. (60.96mm)
Roller diameter =d = 0.3 in. (7.62mm)
Length of roller =& = 0,45 in. (11.43mm)

The above roller and race diameters give circular pitch of
roller spacing to roller diameter ratio of 1.414, which leaves reasonable
space between the rollers for the cage. The length of rollers was chosen

taking the length to diameter ratio of roller (8/d) to be 1.5. The
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clearance, or interference, in the bearing can be obtained by varying the

diameter of either the races or the rollers.

2.3 CONTACT STRESSES

For inelastic bodies in contact under load, contact stresses
‘w0uid be infinite due to zero contact areas. All materials are of course
elastic; however, as the resulting contact areas are normally- small, large
contact stresses are usual, even for moderate loads. The surface compres-—
sive stresses in a rolling bearing may well be of the order of 200,000
lb/in2 (13,79 x 102 MN/mz) or even larger. The magnitude of compressive
stress decreases rapidly with depth below contact area. Stress distribution
inside the material affects the fatique life of the bearing and is considered
in detail in refs. 26, 27: Some of the final results are used in deriving the
equivalent radial load in section 5.7. However, for the purpose of distri-
buting the roller load in the contact area (in subroutine NPF of the finite
eiement program of chapter 5) it is only necessary to consider the stress
distribution at the surface. This will be considered here,

Fige. 2.1 shows the surface stress distribution between two cylin-
drical bodies in contact. The contact area is shown in an exaggerated scale
for clarity. According to Hertz the surface stress distribution in the con-

tact area is semi-elliptical. This may be expressed as:

X, 2%
o=o . (1 - 7] (2.4)

Now,'the total load acting on the contact is

b b
2 1
X
P=€j0’dx=£o' S(l——)zdx
o max Jy b2
=M-O'max ‘
2
2P 4 p 4
therefore g’max = -;'ts-e— = -7—‘- o m = ; O’m (2.5)
where o, = Mean surface stress.

The surface stress distribution from equation (2.4) is given by
2P X, 2 1%

o=r [1- 7] (2.6)

According to Hertz the half-widthy, b, of contact area for line

contact is given by



b= [Ee (Fr o+ (2.7)
REZ(=) 1 2
r -
Where the material constants Ei and Eé for the contacting
bodies are given by
E E
1 2
E.i = ﬁ-l—-— ’ E'2 = Ny 1 (2.8)
) m2 ) m2
1 2
1

and-% are the Poisson's

where E. and E, are the Young's moduli and -
1 2

1 2
ratios of the contacting bodies.

The sum of the principal curvatures of the two bodies in con-

tathIG%) in equation (2.7) is given by

@) == 4 s g S (2.9)
11 12 21 22
where Iy = radius of body 1 in a plane in direction of rolling

Ly, = radius of body 1 in a plane at 90° to the direction of
rolling '

Ly = radius of body 2 in a plane in the direction of rolling

r22 = radius of body 2 in a plane at 90° to the direction of
rollinge.
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Curvature of the surface of a body may be positive or negative,

according to whether it is convex or concave, respectively. For a cylin-

drical roller on flat platens denoting the roller by '1' and the platen by

1 1 1 1 2 .
r2t, /r12 = /r21 = /r22 = 0 and /r11 = /d and hence the sum of prin-
cipal curvatures

&) =2 (2.10)
r d
For a cylindrical roller in contact with an outer ring
1 1 1 2 1 2
/rl2 = /r22 = 0, /r11 = ~/d and /r21 =~ /DO). Thus the sum of
principal curvatures at contact is
1 2 2
2 =3~ D, (2.11)

Similarly, for a cylindrical roller in contact with an inner

rihg, the sum of principal curvatures is given by

1 2 .2
2(’;) =3 + -q | (2.12)

Tables 2.1(a) and (b) give the width of contact area 2b for
steel and Araldite respectively and are represented graphically in figs.

2.2 and 2.3.
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2.4 CONTACT DEFORMATION

Contact deformations are caused by contact stresses. Hertz
originally (about 1880 - 8l) derived the deformation of elastic bodies of
any curvature while in contact under pressure. His investigations were
not specifically related to bearings, but his deductions have generally
been accepted as the basis for subsequent worke. Later, the knowledge
of contact stresses and deformation has been advanced by theoretical analyses,
and with experimental confirmation by Stribeck (reported in ref. 28), Good-
man (29 - 31), Palmgreen(32)and others. Thus several such formulae exist
some being theoretically, and others empirically based. Some only of the
formulae for line contact deformation will be involved here.

Bochmann established empirically an approximate formula for

the mutual approach of two steel bodies with line contact

_7
5 = 2dR x 10 P4 o (2.13)

3/ =1t

where P is the load acting on the contacting bodies in lbs. and d and ¢ are

the diameter and length respectively of the roller in ins.

‘ If the bodies are made of materials other than steel, the
deflection can be found from the above equation by multiplying the deflection
obtained by a combination constant a. If the elasticity constants for
steel are denoted by 'st' and those of the other two materials by '1' and '2',

the combination constant is

1 1
- 4 —_— —
o = % Eét [ £y + Eé ] (2.14)

where material constant for steel Eé is given by

t
E
Bt = °SC (2.15)
st = ————
1A
2
st

and material constants Ei, and Eé for the contacting bodies are given by
equation (2.8).
Foppl deduced analytically the 'mutual approach!' for two

bodies with line contact, given by

2 1, P LE
§ =—= (1 = =) = [ 1.207 + log ] (2.16)
~E m2 { e Pi(l)

r
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where the sum of the principal curvatures of the two contacting bodies is
given by equation (2.9) for the general case, and by equations (2.10),
(2.11), (2.12) for the particular cases of cylindrical rollers in contact
with a flat platen, and with outer and inner races respectively. Equation

(2.16) for steel becomes

1
2 P2 (2.17)

5 = 45 x 107 x%— L 7.4-10g

10

4t
8)
According to Allaéithis expression gives values that are too
low, presumably due in part to the effect of edge pressure (discussed in

chapter 4) and he suggested the following modification

9

1
5 = 45 x 10 x-? L 8.4-log, PE(R) ] (2.18)

4t
This change has no theoretical basis. However, for comparing
the different formulaefdeflection, the original Foppl formula given by
equation (2.16) is used.
Palmgren (32) gives an expression for the approach between the
axis of a cylindrical body of finite length pressed between two plane-
surfaced bodies of infinite extension and a distant point in either of the

support bodies

0.9

-7 2.7 P
= 4, —
b = 4.36 x 10 8, (2.19)
£0.8
where P is in 1bs. and { is in inches. This expression was originally

given in metric form in ref. 32 and has been converted for the units used
here. The above formula is valid, if all the three bodies are of the same
material, and is also applicable to the conditions which exist in normal
roller bearings. From equation (2.19) it is apparent that the diameter of
the roller does not affect the deflection. Material constant 61 in the

above equation is given by

_ 3 [1.643 x 20" (51 + EY)
1= s (2.20)
15

8

where Ei and Eé are as defined in equation (2.8) and are in lb/in2 units.
A similar formula is also given by Lundberg.
Dowson and Higginson (10) derived the expression for the def-

lection of a cylindrical roller and its race. This is given by



Pe 1d 2h
5 = g2 [ 10 e g — 0-22 + log % ] (2.21)
where
6, = ;%T (2.22)

E' is as in equation (2.8).
.The deflection given by the above expression is the approach between the
axis of the roller and a point at depth h below the surface of the
platen. In conventional bearings h is approximately equal to d/2. The
term loge (220 is small in comparison with the others, and hence is not
very significant.

From experimental results, Hoffmann Manufacturing Co., Ltd.,
(33) obtained the relationship for the app;oach of the axis of a roller

loaded between two platens, towards elther platen. This is given by

0.42 PO‘9

It should be noted that all the above formulae for deflection

b = (2.23)

give the deflection at one of the contact areas. To obtain the total
deflection for a roller loaded between two platens, or the mutual approach
of the two platens, the calculated deflection must be doubled.

All the deflection formulae given above are either in the
form, or can be expressed with sufficient accuracy, in the form

5 = Ale (2.24)

where Al and N are constants. The constant Al depends on the material
properties, dimensions (especially length of roller) and to some extent
(as found in some of the previous equations) upon the geometry of the
contacting bodies. The constant N represents the non-linearity of the
deflection vs. load curve. For the Bochmann formula N = 1 (i.e. a linear

relationship). For all other formulae given above N is close to 0.S.

2.5 COMPARISON OF THE CONTACT DEFORMATION FORMULAE

The total deflections (i.e. due to both contact areas) of a
steel roller loaded between steel platens as calculated by computer from
the different formulae given in the previous section (equations (2.13),
(2.16), (2.19), (2.21) (2.23)), are given in table 2.2 and shown graphicallw
in fig. 2.4. The first four formulae were also used to calculate the
deflections for Araldite, and the results are given in table 2.3 and showm
graphically in fig. 2.5. For steel the differences in deflections given

the different formulae (fig. 2.4) are less than those for Araldite (fig. Z2..
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For Araldite the highest value for deflection is given by the formula due
to Bochmann and the lowest by that due to Dowson and Higginson. The def-
lection given by the former formula at the far end of the load scale is
more than double the value given by the latter foréula. For steel
‘the highest value for deflection is given by the Palmgren formula and the
lowest by the Dowson and Higgiﬁson formula. Here the deflection given by
the former formula at the far end of the load scale is about 1.25 times more
than the value given by the latter formula. It should be noted that for
Araldite the value of Young's ‘modulus taken was 2730 1b/in2. (18.82 MN/m2)
and Poisson's ratio was 0.5.

These formulae were compared subsequently with experimental
and finite-element results and will be discussed in the relevant chapters.
It may be stated here that the Palmgren formula gives results which agree
quite well with the experimental and the finite-element results (both being
for Araldite rollers and platens, the platen width being equal to the length
of the rollers).

2.6 DEFLECTION FOR HOLLOW ROLLERS

When a hollow roller is loaded between two platens as shown
in fig. 2.6(b), the total deflection is given by the deflection at the contact
areas plus the deflection of the hollow roller as a cylinder. When a cylin-
der is loaded in diametral compression as shown in fig. 2.6(a), the decrease
in diameter in the direction of load is given (see for example refs. 34, 35)
by

. 3 ,
Ad = P (23 (2.25)
e 4

ET

ard more exactly the decrease is

3
Ad = ZFrn A LL_ 2L, (2.26)
T 4

1
ET A

where
rm is the mean diameter of the ring

I is the moment of inertia of cross sectional area of the
ring about the neutral axis

A is the cross-sectional area of the ring

A' is the modified area according to ref. 34.

For a rectangular cross section

Al 1 h 2 1 h 4
7\_' =1 + 'ﬁ ('E ) + 80 (';—) + eecee
m m

wheve how Al o1huder cadiad Ahickness
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As A/A' is nearly equal to i, equation (2.25) gives the
decrease in diameter of the cylinder to a good approximation.

When this diametral deflection is added to the deflections
at the two contact areas given by any of the previous formulae, e.g. the
‘FOppl formula (equation 2.16), the total deflection given by the approach
of the two platens when a hollow roller is loaded between them is obtained.
The total deflection thus obtained for Araldite is given in table 2.4 and
shown graphically in fig. 2.7.

2.7 . LOAD DISTRIBUTION IN A STATICALLY LOADED BEARING

The calculation of load distribution among the rolling elements
of a rolling bearing presents four main problems, (1) the support of the
inner ring by a number of rolling elements represents a statically indeter-
minate structure, (2) the load deflection relationship of the rolling elements
and races is non-linear, (3) play or interference (pre-load) may be present
in the bearing and (4) the races do not retain their circular shape on
loading. For the moment, point (4) will not be considered, and it will
be assumed for all the cases considered in the present chapter 2, and
chapter 3, that the races are rigid and retain the circular shape on loading.

Definition of radial clearance

Radial clearance of a radial rolling bearing is defined as the
amount by which the inner race is smaller in radius than the radius required
for size-to-size metal contact of the rolling elements and the races as
shown in fig. 2.8(a). '

If the radial clearance is negative the bearing is said to have
some interference or preload. In this case the rolling elements are
compressed and exert a force on the races without an application of external

load as shown in fig. 2.8(b).

2.7.1 STRIBECKYS SOLUTION
The method of calculation originally developed by Stribeck

(see for instance ref. 28) and in widespread current use is based on the
assumptions of zero clearance, and rigid races.

' The unloaded position of the bearing is shown dotted in fig.
2.9. If the imner race is displaced radially downwards by 6r when a radial
load Fr acts on the bearing all the rolling elements in the lower half of
the bearing are loaded as shown in fig. 2.9. The deflection at the

rolling element position directly under the radial load, 61 is greatest
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and is equal to the bearing deflection 6r. The deflections at the other
rolling element positions are

62 = 6r cos B = 61 cos & (2.27)

d 6r cos 284 = §, cos 28

3 1
and so on, where ¢ = 2n/Z is the angular pitch between two consecutive
rolling elements, and Z is the number of rolling elements.

The load-deflection relationship of equation (2.24) for a
rolling element loaded between the races can be expressed as

P = K, 5t - (2.28)

where K2 (for two contact areas) is a constant depending on the material
and geometry of the contacting bodies and t represents the non-linearity of
the load vs. deflection curve. For point contact t = 1.5 and for line con-
tact t = 1.11 (or other values depending on the formula used as described

earlier). K, and t can be expressed in terms of A, and N used in equation

2 1
(2.24) as
1 1
t=tm, ko= N Ey N (2.29)
2 A 2A
2 1
From equation (2.28),
P P P
'—l‘ = '—2' =-‘§' =-.ctc. = K (2430)
6t 6t bt : 2
1 2 3

The deflections and load distribution at the different rolling
element positions are as shown in fig. 2.9.

From equations (2.27) and (2.30)

)
2.t t
P2 = Pl CEI) = Pl cos &
(2.31)
P, =P (-E-)--3-)t =P cost2¢
3771 61 1

and soO ona
The equilibrium equation for the complete bearing can be

written as
i

F = P,+2P, cos@g+2P. cos2@+ eee +2P cos(n-1)¢g (2.32)
r 1 2 3 n

where Pn is the rolling element load at or near the 90° position to the

radial load, and n is the nearest integer from (Z+3)/4.
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From equation (2.31) and (2.32)

t+1
F = P_+2P cost+1¢+29 cost+l 28+ «ee +2P. coS * (n-1)d4
r 1 1 1 1
Fr t+1 t+1 t+1
or 5= [1+2(cos B+COS 28+ ees +COS (n-1)g)] =M  (2.33)
1

Stribeck found that, for ball bearings M increased with increase
in Z, but the ratio Z/M remained approximately constant at 4.37. For roller
bearings (taking t = 1.11) Z/M is constant-at 4.08 (as found from the com-
puter results). The factor Z/M is called the load-sharing factor and is

represented by

;zi (2.34)

As this calculation is based on the assumption of perfect
geometry, Stribeck found it necessary to increase the factor Sf to 5 to
allow for the geometrical errors in the bearing (which may be due to play or
small departures from accuracy in the bearing).

After finding the peak rolling-element load from equation (2.33)
or equation (2.34) the deflection of the bearing, (theoretically equal to that
at the peak rolling element position), may be found using equation (2.28).

The load distribution in the bearing can be found from the equations (2.31).

2e762 BEARING WITH PLAY OR INTERFERENCE BUT OTHERWISE

IDEAL: GEOMETRY

Stribeck's solution is valid when the geometry of the bearing is
ideals. In this section the case where there is geometrical imperfection, in
particular the cases of radial play and interference in the bearing will be
examined. It is assumed that apart from play or interference, the geometry
of the bearing is ideal, i.e. the rolling elements are identical in.size,
true in geometry, and the races remain circular.

The radial clearance in the bearing, which is given by

C =m—p— -~ d (2435)

is treated algebraically, thus a negative value of ¢ indicates an appropriate
'negative play' or preload. This convention is followed throughout the
thesis.

If the inner ring is given a deflection &r from centred position

in the outer race (fig.2.10), the deflection at any rolling element position
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j, noting that a rolling element can carry compression but not, of course,
}

tension, represented by the notation

{233
{653

‘The brackets{} represent an unilateral quantity.

It

6. cosy; - ¢ when & cosk;/j - c20
(2.36)

0 when & cosL|l/j - ¢<0

For a bearing with positive clearance, some of the rolling
elements in the lower half (external load is downwards) will be loaded. For
a zero-play bearing all the rolling elements in the bottom half will be loaded.
For negative clearance bearing either all or more than half of the rolling
elements will be loaded depending on the radial load. At zero external
radial load each rolling element will transmit load due to preload. Whén
a radial load is applied on the bearing the load on the bottom half of rolling
elements will increase while that of the top half will decrease. With increase
in radial load the radial deflection of the bearing wiil increase and at some
point the top rolling element will be released. With further increase in
radial load more and more of the rolling elements at the top will be un-loaded.
The load transmitted by the j th rolling element can be found

from ecuation (2.28), l.e.

P

t
. =K . «37
5 =Ky f 83 (2.37)
For equilibrium

F

It

P, + 2P, cosg + 2P, COS 208 + ees

r 1 2 3
| +7T P cos (n-1) & (2.38)
where
n=—z-;—2,'t’=lwhenziseven
n= E%l y T= 2 when Z is odd

using equation (2.37)

.EE =1 + —Z [ S cosd—c} t cos¢+-§6 code—c} t cos2¢g+
P, (6r—c)c £ r r
cee +T/2 {6r cos (n-1)g-c } t cos (n-1)4 ] (2.39)

Equation (2.39) can be solved to find b, expressing P, in
terms of deflection. The solution is difficult due to the non-linearity
of the equation. However, numerical methods (e.g. Newton-Raphson method)
can be used, and this is of course most conveniently carried out by a

digital computer.
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Alternatively, the inner race can be given a series of
deflections ar and the corresponding radial loads Fr can be calculated.
The deflection at any intermediate radial load can be found by inter-
polation. The load distribution can then be found using equations (2.36)
and (2.37). This method is quite simple, takes little computer time and
is particularly suitable when the deflection is given, or when a large
nunber of results are required (e.g. when the characteristics of bearings have
to be compared.

COMPUTER PROGRAM 'RRBC':

A computer program 'RRBC' was developed to find the bearing def-
lection, load distribution etc., using this method. The version of the pro-
gram for steel roller bearings is given in the computer program section. In

the program distinction is made between & and 6r as

br = deflection of the bearing given by radial deflection
of inner race from centered position in outer race.
d = deflection of the bearing after the peak roller is
loaded.
Thus 5 = br - ¢ for positive clearance bearing
d = ar for zero or negative clearance bearinge.
2.7.3 AN ITERATIVE METHOD FOR BEARING WITH PLAY OR INTER-

FERENCE, BUT OTHERWISE IDEAL GEOMETRY

It will be assumed, as in the previous section, that the geo—
metrical shapes of the rolling elements and races are perfect. The radial
'clearance! (positive or negative) is given by equation (2.35).

When a rolling bearing is loaded by a radial load Fr the inner
ring will deflect from centered position in the outer ring by 6r and deform
the rolling elements in the loaded zone X Vé as shown in fig. 2.10. The

deflection at the peak rolling element position (for which ¥ = 0), is given

by
5. =8 - ¢ (2.40)
1 r
The deflection at any relling element position j is given by
S, = cosy’, - ¢ (2.41)
J 6r l’VJ .
= 61 [6 cos Y/ - c]
5 < -~ 7
r
= 61 [5 -c -3 (1~ cos‘V.)]
s r x j

r
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1
5 [l -— (1 - cos\Vj)]

(1)
6]:"
or
1
by = b (1 - Sz (1 = cos \f’j)] _ (2.42)
where
e =% (1 - g—) (2.43)
r

€ depends on the extent of loaded zone as shown in fig. 2.10,
and is the ratio of the projected load zone on the inner race diameter to
the inner race diameter. For positive clearance bearinng(O.S and for
negative clearance bearing € 0.5.

If,é(l, then -the loaded zone covers only part of the
circumference,

if,e»1, then the whole circumference is loaded,

if,€=0.5, then half the circumference is loaded (as for
zero—clearance bearing).

The angular extent of -loaded zone can be found from equation

(2.41) by putting 6j = 0.

1 =) ' (2.44)
r

%? = cos

From equation (2.28)

p. 0.
& =D t - (2.45)
1 1
Substituting equation (2.45) in equation (2.42)
1 t
B, =P [1”72"é (l—cos\f/j)] (2.46)

For equilibrium, summation of the vertical components of the

rolling element load must be balanced by the radial load

v=+4 .
F = E P. cos ', (2.47)
r J Ya
=%
Equation (2.47) can also be written in integral form,
-+
¢'P. D,
F_ = - L
r S “Di > cosY dy
Tz
e
- 1 1 t
=7 P1 X 5= [1 - e (l-cosqd] cosydy



or
F =2Z2P J (&) (2.48)
r 1 r
vhere +4@
J (&) = L [1 - 1« (l—cosq/)]t cosydy (2.49)
r 27 2¢
4

The values of the load distribution integral are given in
table (2.5) for line contact (t = 1.11) and point contact (t = 1.5).
From equations (2.28), (2.40) and (2.48)
t

Ff =2 K2 (6r - c) Jr (€) (2.50)

-

When Fr and c for a radial rolling bearing are known, 6r can

be found by trial as follows:

(a) assume a value of 6r

(b) € 1is calculated from equation (2.43),

(c) J. (¢) is then found from table (2.5), if necessary, by
interpolation,

(d) these values are then substituted in equation (2.50),

(e) if equation (2.50) does not balance, the process is repeated

with arew value of 6r.

Obviously, this method needs a number of iterations for con-
vergence., To save time, the deflection of a radial rolling bearing can ke
found when Fr, c, 2 and rolling element dimension are given, from the
nomograms given in chapter 3. Two sets of riomograms (one for line contact
and the other for point contact) were constructed using the above procedure.
Considerable time can be saved by using these nomograms. If greater accur-
acy is required, the values of deflection found from them can be used as the
first estimate to calculate the deflection using the above procedure. This
will reduce the number of successive approximations.

After finding 6r the load distribution in the bearing is then

evaluated from equations (2.41) and (2.28).

2.7.4 GENERAL CASE FOR IMPERFECT GECMETRICAL SHAPE, AND
DYNAMIC LOADING DUE TO ROTATION, OF A RADIAL ROLLING
BEARING
The following is a general method for radial rolling bearings
having imperfect geometrical shape (due possibly to out-of-roundness of the

races and non-uniform diameters of the rolling elements) and subjected tc



high rotational speeds. The cases dealt with previously now represent a
particular case of the present solution,. Fig. 2.11 shows a radial bearing
with (exaggerated) imperfect geometrical shape.

The radial clearance here is a variable quantity, and at any
rolling element position j it is given by

cj = Gj - dj (2.51)
where Gj is the radial distance (or gap) between the outer and

inner race at rolling element position j,

dj is the diameter of the rolling element j.

The forces acting on any rolling element j of the bearing is
shown in the lower right hand corner of fig. 2.11. From equilibrium con-

siderations, for this single rolling element

P.-P..-F =0 (2.52)
o] ij c

where FC is the centrifugal force on the rolling element and subscripts 'i!
and 'o' refer to inner and outer races respectively.
Substituting expressions of the form of equation (2.28), for a

single contact area
t t
K1 6oj - Kl 6ij - FC =0 (2.53)

where 6oj is the deflection at the outer race contact at
rolling element position j,
is the deflection at the inner race contact at
ij rolling element position j,

K, 1is the constant as described in equation (2.28) for a
single contact area.

It should be noted that Kl may differ for the inner and outer
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races due to the different curvatures,in which case this should be taken into

account in the above equation. However, in many cases the effect may be
negligible especially for cylindrical roller bearings, which are of primary
interest in this study. K. may be written in terms of Al (or AZ) and N,

1
as used in equation (2.24), thus

2
1 .A. = A—) (2.54)

The total deflection at the rolling element position j is
6. =6.. +6Oj

(2.55) .
= 6r cosxyj - cj 20

5j2=0 indicates that rollers cannot be loaded in tension,

thus negative values of 6j are taken as zero.
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From equations (2.53) and (2.55)

t t F
( . - - -) - Y - = O (2-56)
6J 613 513 T(S
1
or F
(3 cos c. - & )t o t -= =0 (2.57)
r %% TS T %y Ty TR T '

~ From the equilibrium conditions of the complete bearing,

Z
Fr = E Pij cosqs (2.58)
j=1
or
Fr . t |
RI'— E 6ij COS43 =0 (2.59)
i=1

Equations (2.57) and (2.59) represent a system of (Z+1) simul-
taneous non-linear equations with unknowns 6r and aij. They can be solved
by using the Newton-Raphson method (see for example ref. 36). The method
is given in appendix 2.1.

After finding the deflections at the different roller positions,
the load distributions at inner and outer races can be found from

t

Pij = Kl 6ij (2.60)

Poj = Kl aij + Fc (2.61)

. N th
A computer subroutine DTBN was developed to solveA%quations,
using the method described in appendix 2.1, and to find the load distribution
in a radial roller bearing. This subroutine is used in the main finite-

element program.

2.8 CENTRIFUGAL FORCE OF THE ROLLING ELEMENTS

If the inner and outer races of a radial rolling bearing are
rotating with speeds n, and n, TePeM. respectively, the angular speeds in
rad./sec. are given by

2 2mny w = 2T (2.62)
&0

© 60

Wy

The surface velocity of the inner and outer races are

T,

| - —
Vi = 2Coi Di = €0 Di (2.63)
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mO
Vo = :21'&30 DO > -67' DO (2-63)

The linear speed of the cage and the axis of the rolling
elements, assuming that no slip occurs at the contact areas, is the mean of
the inner and outer race surface velocities

v
C

1

2 (v, +v)
1 o

]

T
—_— <64
150 (ni Di + 0 Do) (2.64) .
The linear speed of cage is also
D ﬂnCD
V. =Cdc§'= g0 (2.65)

>

where D is the pitch diameter of rolling elements (==Di + d)e

From equations (2.64) and (2.65) the angular speed of cage is

Di DO
R — —
n_ =2 (ni 5 0,3 ) (2.66)

The centrifugal force in the case of a cylindrical roller is given by

21
d, 2 D c,2
F.=p ﬂ&g) L. = (—=)

> ) 1bs. (2.67)

: 4
where p is the mass density of roller material in lb.secz/in .

2.9 CAPACITY OF BEARINGS
2.9.1 BASIC STATIC CAPACITY OF BEARINGS

With the high peak stresses in rolling bearings, permanent
deformations appear, even under very low loads, and increase with increasing
load. The question is how much permanent deformation can be tolerated for
satisfactory functioning of the bearing. According to Palmgren (32) per—
manent deformations have negligible influence on the functioning of the
bearing if their magnitude at any one contact point is less than 0.0001 times
the diameter of the rolling element. If the deformations are much larger,
the cavities formed on the raceway cause the bearing to vibrate and thus
become noisier when running, even though the bearing friction does not notice-
ably increase.

From the above observations the basic static capacity CS of a
bearing is defined as that load which, acting on the bearing, causes a perma-
nent deformation of 0.0001d at the position of maximum load, and on the inner
(weaker) racee.

According to Palmgren (32) the permanent deformation for line
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contact between steel roller and track is given by the following relation

~17 1
L4 P 3
5 = 20 X 10 [2 97 (2.68)
. s d2 24 1*§
*D
where the upper sign is for inner and lower sign is for outer
raceway.

D is the pitch diameter of the rolling elements.

Using the above definition of basic static capacity and
equation (2.68), the maximum rolling element load P oox at the basic static
capacity for the roller bearing dimensions chosen in section 2.2, i.e d =
0.3 in. (7.62mm.), D = 2.7 in. (68.58mm.), is 2185 1bs.(9.73 KN) considering

the inner race.

2.5.2 BASIC DYNAMIC CAPACITY AND LIFE OF BEARINGS

The basic dynamic capacity C of a radial rolling bearing is
défined as that constant stationary radial load which 90 per cent (Llo) of
a group of apparently identical bearings with stationary outer ring can endure
for one million revolutions of the inner ring before the first evidence
of fatique develops. Lundberg and Palmgren performed extensive tests to
determine the basic dynamic capacities of different types of rolling
bearings (see papers refs. 26, 27, and book ref. 12).

The fatique life of a rolling bearing is the number of revolu-
tions (or hours'at a given constant speed) £ex which 90 per cent of a group
of apparently identical bearings will run or exceed, before the first evidence
of fatique develops. The life of a bearing in millions of-revolutions (mx)
of the ipner race when a radial load Fr acts upon it, is given by

C p
LlO = ('F—r ) (2.69)

For line contact with both rings the exponent p = 4, and for point contact

with both rings p = 3. If the outer race is rotating with respect to load, the

radial load, Fr should be multiplied by a rotation factor 'V', in this case 1.2.
Another definition of life is the median life LSO’ i.e. the life

which 50 per cent of a group of apparently identical bearing will endure.

The relation between these two definitions of life is approximately given by

L50 = 5L10’ and is based on fatique stress/cycle data of different research

workers.

Generally, the basic dynamic capacity is calculated for zero

clearance of the bearing as in refs. 26, 27. If either play or interference



is present the equivalent load Pr should be used instead of Fr and equation
(2.69) becomes

Lg= G ° (2.70)

r

The determination of equivalent load of a bearing, when the
folling element load distribution is kn-own, is given in chapter 5.

Alterﬁatively, when play or interference is present the corres-
ponding capacity of the bearing may be found by the method of Rumbarger (11).
This value of capacity may then be used in equation (2.69) to find the life
of the bearing.
2.10 EXPERIMENTAL REPRESENTATION OF RIGID RADITAL ROLLING BEARINGS

The load distributions in radial rolling bearings presented in
this chapter are all based on the assumption that the races are rigid and re-
tain their circular shape under load. This can be represented experimentally
by making the races 'infinitely' rigid in comparison to the rigidity of the
rollers, by using materials having widely differing values of Young's modulus.
This method was used by Datta (16), who used aluminium as the race material
and Araldite epoxy resin for the rollers. Young's modulus of aluminium is
approximately four thousand times that of Araldite at the stress freezing
temperature, making the race deformations negligible compared with the rollers.
Of course, by using Araldite races the normal case wherethese are also subject

to deformations can be simulated.
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CHAPTER 3 CALCULATED PERFORMANCE FOR
BEARINGS WITH RIGID RACES

3.1 GENERAL

Using the method given in section 2.7.2 of the previous
chapter a computer program RRBC (rigid race bearing calculations) was
developed to calculate mainly roller load distribution, load sharing
factor, radial deflection and stiffness (both average and incremental)
of rolling bearings when the size of the different components of the
bearing (from which the radial clearance can be foundi, number of rolling
elements, radial load and the material properties are given. The life
of the bearing was also calculated in the program using subroutine BLIFE.
Both the programs RRBC and BLIFE were developed for roller and ball bearings,
but only the versions for roller bearings are given in the computer program
section. ‘ V

Nomograms and graphs were prepared to solve radial rolling (both
roller and ball) bearing problems, and are given in the later part of this
chapter. Considerable time and labour can be saved by using these nomo-
grams and graphs.

The assumption throughout this chapter, as in section 2.7.2 of
the previous chapter, is that the bearing races are rigid, and retain their
circular shape on loading.

The sizes of the bearing components used for the present calcula-
tions are as given in section 2.2 of the last chapter. The number of
rolling elements was varied (Z= 10, 15, 20, 25). The clearance was varied
by making small changes in the diameter of the inner race. Calculations
were made for both Araldite (for comparison with experiments) and steel, but

the results for steel only will be presented here.

3.2 THE IOAD ZONE FACTOR, €

This factor, defined by equation (2.43) of the previous chapter,
represents the projection of loading arc onto the bearing diameter, and is
a measure of the extent of loaded zone. |

As the load carried by any rolling element is proportional to
6?, the rolling element load distribution depends upon the factor € , as
is evident from equation (2.42). The load distribution in turn influences

stiffness, load sharing factor, fatigue life, etc., of the bearing, thus
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it is evident that the load zone factor € influences the bearing per-
formance considerably. It will therefore be frequently used as a para-
meter throughout this thesis.

The variation of € with dimensionless radial load for dif-
ferent values of radial clearance in a particular bearing (Z = 20), is
shown in fig. 3.1. For the bearing with interference, &€ decreases with
increasing radial load, because the load on the top rollers decreases and
they are progressively released from load. The curves ultimately become
asymptotic to the curve for the zero play bearing, for which € is constant
at 0.5. For positive clearance bearings, the number of rollers supporting
the load increases with radial load, and hence € increases. Thus the maxi-
mum arc of load-bearing contact for positive clearance tends to subtend an
angle 180° (as € — 0.5) and at this point approximately half of the rollers
are loaded.

The variation of € with radial clearance is shown clearly in fig.
3.2, indicating a much greater effect for negative clearance than for positive
clearance. The increase in € with increase in interference becomes linear

after € = 0.7.

3.3 EXPLANATION AND ANALOGY FOR STIFFNESS OF PRELOADED-BEARINGS

Swanson in ref, 8 cites the analogy of a 'bolt and spacer' to
show why the axial stiffness for a pair of preloaded duplex angular contact
bearings under axial load increases. The analogy can also be used to ex-
plain the deflection vs. load characteristics of a preloaded radial rolling
bearing under radial load.

Fige. 3.3 shows how the deflection vs. load curve for a bolt and
spacer system is obtained from the characteristics of its elements, which in
this example are both linear. The relieving element (spacer) curve is the
mirror image of its actual deflection vs. load curve, and its location is det-
ermined by the initial préléad. The intersection of the two curves indicates
the amount of preload. The composite deflection curve can be constructed by
assuming different magnitude of external load and obtaining their correspon-
ding deflectioné, as shown in fig. 3.3.

At external load F the spacer is completely relieved, and has

2!
no further effect on the composite curve, the composite curve thereafter

being parallel to that for the bolt. Increasing the preload on the system

increases F2. Tt is shown in fig. 3.3 that the stiffness of the composite

curve before F2 is equal to the sum of the stiffness for each element.
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Beyond F2, though the stiffness of the system is equal to the stiffness
of the bolt kb’ its deflection is lower than the deflection of this
bolt alone.

In the case of preloaded radial bearings the lower half of
rolling elements can be assumed to be equivalent to the bolt (bécause load
on these elements increases with external radial load) and the upper half
of rolling elements can be assumed to be equivalent to the relieving element
or 'spacer' (these elements are relieved with increase in external load).

The composite curve of fig. 3.4, for the preloaded bearing 1is
obtained in the same way as for the bolt and spacer assembly. This figure
also shows that up to a certain external load (i.e. for&>1l.0) the stiffness
of the complete bearing is nearly twice that for the upper or lower half
rollers aloné, i.e. nearly twice the stiffness of a zero-clearance bearing,
as may be seen in fig. 3.4. With increase in the external load (i.e. for
€<1.0) the stiffness of the complete bearing decreases, to approach the stiff-
ness of the lower half rollers (or zero-clearance bearing). However, when
all the top half rollers are relieved, although the incremental stiffness is
the same as for zero clearance, the deflection of the bearing is much lower,
and hence the average stiffness is increased. A

It may be seen in fig. 3.3 or 3.4 that the deflection vs. load
curve for the lower half rollers (equivalent to the bolt) below preload has
no effect on the total deflection vs. load curve for the complete bearing.
The deflection vs. load curve for (zero-clearance) ball bearings has greater
non-linearity than for roller bearings, i.e. the rigidity of ball bearings
(and to a lesser extent of roller bearings) is lower at low loads. For the
reason mentioned, this low rigidity portion is eliminated by prelecading.
Thus preloading increases rigidity due to two effects:

(a) realisation of a parallel spring system, and

(b) elimination of lower stiffness portion of the deflection vs.
load curve.

From the point of view of (b) the preloading of ball bearings

is more significant than for roller bearings.

3.4 DEFLECTION OF RADIAL ROLLER BEARINGS

Fig. 3.5 shows deflection against load*for a radial roller
bearing with various radial clearances, As would be expected from a con-
sideration of the load distribution, the deflection is always higher for.
positive clearance, and increases rapidly with increasing radial load.

* load is F\c“ecl as (Fe lEAY), bud this {5 wot a basic limensionlecs

?&rawe$Cr
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The initial slope also rises with increase in positive clearance, as
the number of rollers carrying 1load is small under this con@ition, and
decreases at any load with increasing positive clearance. By comparison,
for interference the initial slope is much lower.

The deflection of a bearing can be found from equation (2.50)
of the previous chapter, namely

F =2K. (6 -t 3 (e) (3.1)
r 2 r r

where J (€) is the load distribution integral given by equation (2.49). K

8/9 2

is proportlonal to ¢ So, from equation (3.1), it is obvious that the
bearing deflection decreases with an increase in the number or length of
the rollers.

Fig. 3.5 shows that the deflection characteristics for negative
clearance become parallel with the zero clearance case, after € = 1.0. Also
the deflection curves for positive clearance tend to become parallel to the
zero clearance case, once the rollers in the lower half are in load-bearing
contact, i.e. € »>0.5.

For a bearing with interference the peak roller load can be found

from equation (2.28)

Pl = K2 (61‘_ c)

t
=k, 5 " (26)° | (3.2)
Now, from fig. 3.26 it will be seen that for constant Z and F o
Pl is the same for a bearing with interference, having ¢ = 1.04 and for a
zero-clearance bearing ( € = 0.5).
Denoting the deflections of interference and zero clearance

bearings at constant peak roller load by brp and 6ro respectively,

t t t t
P, = 2 6rp (2 x 1.04) " = K2 I (2 x 0.5)
~ from which, 6rp 6ro . In other words, for € = 1.04 (=£1.,0) in a rigid
2

race bearing with interference, the deflection is about 50% lower than for’
a beé}ing with zero-clearance, for the same radial load. When €> 1,0 the
reduction in deflection is more than 50%, but as will be shown later, the
atfendant decrease in fatigue life is considerable, ‘

Fig. 3.6 shows the variation of deflection with radial clearance
and radial load for a bearing with rigid races. It may be seen from this

figure that the surface of deflection for small interference is very steep
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in comparison to the other portions of the surface and joins the surface
for positive clearance at a sharp corner at the line of zero clearance. Thus
the deflection decreases sharply on the introduction of interference.

The region between ¢ = 0.5 and €=1,0 (see also fig. 3.7) is of
importance because it signifies rapidly decreasing deflection with inter-
ference, and also as will be shown later, that the maximum life attainable
(due to the effect of load distribution) in a bearing lies waithin a range
of € of about €= 0.70 to 0.76. When €2r1.0, increasing interference de-
creases deflection slightly, but life decreases rapidly (as may be seen in
fig. 3.21). The desirable interference at which the bearing is to be operated
depends upon the radial load applied.

Fig. 3.7 shows the variation of deflection with radial clearance
for different numbers of rollerxs in the bearing. It is apparent that as the
number of rollers is decreased the steep sector between &€ = 0.5 and 1.0 in-
creases and hence the range of interference through which maximum decrease in
deflection is possible increases.

It should be noted that as the curves between € = 0.5 and 1.0 are
almost parallel for any number of rollers and radial loaq, a given increase in
interference will result in almost -the same decreagéiigzxiﬁ the linear portion
of the curves.

Fige. 3.8 shows, for a zero-clearance bearing, the relationship
between deflection and number of rollers for different radial loads. The
curves are approximately rectangular hyperbolas and their equations may be
derived from equation (3.1) by putting c = O.

Fr
t

r- K. xJ (0.5)
2 r

Yol (3.3)

constant (when Fr is constant).
The constant depends on the radial load and the dimensions of

the bearing elements, in particular the length of the rollers.

3.5 LOAD DISTRIBUTION 1IN RADIAL ROLLER BEARINGS

The load distributions for rigid-race bearings with different
radial clearances are shown in fig. 3.9. With increase in positive clear-
ance the 'peakiness' of the load distribution curve increases, because the
number of rollers carrying load is decreasing. Conversely, peakiness dec-
reases and the curve becomes flatter with interference. For a particular

radial load, as interference increases, peakiness reaches a minimum at
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€ = 0.76, approximately. Up to € = 1.0,' the roller diametrically oppo-
site to the peak roller carried no load. As the interference is increased
still further, the curves are flatter than for zero or positive clearance
bearings, but they are shifted upwards and so every roller carries more
load thanué zero-clearance bearinge.

Fig. 3.10 shows the variation of peak roller load with radial
load for values of different radial play in the bearing. Peak roller load for
a bearing with interference is greater than that for zero clearance up to a
certain radial load (for which € = 1.04), after which the peak roller load is
always less than that for the zero clearance bearing. The peak roller load
for positive clearance is always greater than for zero-clearance.

Fig. 3.11 shows the variation of peak roller load with radial clea-
rance. Peak roller load increases with increase in positive clearance,- due
to the reduction in‘the number of rollers carrying load.‘ However, the peak
roller load to radial load ratio for a particular positive clearance decreases
with increasing radial load, due to the rising number of rollers carrying load.

The curves iﬁ fig. 3.11 cross at zero play. With increase in inter-
ference, peak roller load first decreases, attains a minimum at about € = 0.76,
and then Begips to rise at a rate which increases with decrease in radial load.
The curves for the component of radial load due only to the external load
(shown dotted) is similar in shape to that of deflection vs. radial clearance
curves (fig. 3.7)s The differegce between curves for Pl/Fr and Plr/Fr is of
course due to the preload.

Fige. 3.12 shows the effect of the number of rollers in the bearing
on the variation of peak roller load with clearance, for a'radial load Fr =
4000 1bs. (17.8 kN). It will be seen that the preload required to attain
minimum peak roller load increases with decrease in the number of rollers.

The load sharing factor S defined by equation (2.1) is plotted

?
in figs. 3.13, 3.14 and 3.26. It shguld be noted that, in the equation for
load sharing factor, the radial load component of the total peak roller load
which is responsible for bearing deflection is used.

From figs. 3.13, 3.14 and 3.26 it may be seen that the limiting

minimum value of S_ for a bearing with interference is half that for zero

_ £
clearance (for which S_ = 4.08, for roller bearings). This is because the

f
limiting minimum value of radial component of peak roller load for a pre-
loaded bearing is half that for zero clearance (fig. 3.12),
Fig. 3.13 shows the variation of load sharing factor with radial

load for different radial clearances. Sf for bearings with interference
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is always lower than that for zero clearance, and increases with radial
load. For positive clearance bearings Sf is always higher than that for
zero clearance, and decreases with radial load.

The load sharing factor falls quite rapidly with small inter—
ference, until €==1.0 (see fig. 3.14), thereafter attaining a limiting value
for any further increase in interference. The number of rollers influences
the rate of decrease of S¢ with increase in interference (for €<1.0), and

also the rate of increase with positive clearance.

From equation (2.48) it may be seen that

S (3.4)
F J (e)
r r
thus factor (ZPl// ) depends only on € 4, and is the load sharing factor for

F
r -
positive and zero clearance bearings. For interference bearings, from

equations (3.4) and (2.50),

. . Ze Plr _ Z(Pl—Preload)
f - F - F
r r
1 1
= ——Jr(e) [1 _-—-(_2_6_)t ] (3.5)
2€-1

_ Thus for bearings with interference also the load sharing factor
depends on € . The variation of load sharing factor Sf with € for radial
roller bearings is shown in fig. 3.26. In this figure the variation of
(Plz/Fr) is also shown (dotted curve).

The curve for (Plz/Fr) for interference bearings (€>0.5) is the
continuation of the Sf curve for positive clearance (€<0.5) bearings. The
value of (Plz/Fr) attains a minimum at about ¢ = 0.75 to 0.80. The value of
peak roller load can be determined once € is known (which can be found by

trial and error, as stated in the previous chapter, or more easily from the

nomograms given later in this chapter).

3.6 STIFFNESS OF RADIAL ROLLER BEARINGS

Two measures of stiffness are used, firstly incremental stiffness,
i.e. the inverse of the local slope of deflection vs. load curve (fig. 3.5)
and termed simply 'stiffness's The variation of this incremental stiffness
with different variables is shown in figs. 3.15 to 3.18. The second

measure is termed the average stiffness, defined as the ratio of radial load
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to radial deflection (Fr/a) of the bearing. The variation of average
stiffness with radial load is showm in fig. 3.19,

Fig. 3.15 shows the variation of incremental stiffness with
radial load for different radial clearances. The limiting maximum incre-
mental stiffness for an interference bearing is about twice the incremental
stiffness of zero clearance bearing. With increase in load the incremental
stiffness in an interference bearing decreases. A point of inflection
exists when € = 1.0 (i.e. when the top roller is just released). With
further increase in radial load the incremental étiffness curve for ihter—
ference bearings joins the curve for zero clearance (as the top half of
rollers are successively released, i.e. €—=0.5).

Fige 3.15 shows that incremental stiffness is minimum at about
e = 0.75. Nevertheless, the overall bearing deflection, and hence average
stiffness, depends on the total 'history' of the incremental stiffness curve
before ¢ = 0.75 (which represents the high stiffness portion) is feached.
Thus average stiffness is not minimum at € = 0.75 as may be seen in fig.
3.19. For example, when the load is increased from 1000 1lbs. (4.4 kN) to
6000 1lbs (26.7 kN) for a 20 roller beafing with -0,0003 in., (-0.0076 mm.)
interference, incremental stiffness is reduced by 42% (from fig. 3.15), but
average stiffness falls by 21% (from fig. 3.19). It follows that average
stiffness is less sensitive to effects such as haye been described, than is
incremental stiffness.

For positive clearance the incremental stiffness-increases with
radial load, thus when all the lower half rollers carry load (i.e. €-0.5)
the curve joins that for zero clearance. In this case the low stiffness
portion of the curve dictates the bearing deflection at any load, and hence
average stiffness is low.

Fig. 3.16 shows the variation of incremental siffness with radial
clearance for different radial loadse. The incremental stiffness increases
rapidly at first with interference, passes through a point of inflection at
€ = 1.0, and then starts to flatten ou?, Average stiffness has a similar,
though expectedly less pronounced behaviour.

_ The effect of the number of rollers, with radial load and clearance
(figs. 3.17 and 3.18 respectively) show that the increase in incremental

stiffness possible in a bearing increases with the number of rollers.
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3.7 LIFE OF RADIAL ROLLER BEARINGS

The life of radial roller bearings with rigid races was
calculated using the subroutine BLIFE, the development of which was based
on the method given by Rumbarger (11). '

According to reference 11 the basic dynamic capacity of a roller
bearing is given by

7/9 z3/4 D29/27

C=/<fc (‘() (3.6)_

The factor for dynamic capacity fc is a function of d/D and of
€. Values of (fc/f) are given in subroutine BLIFE. The material factor is
f = 49,500 for steel roller bearings when pound and inch units are used.

The reduction factor A takes into account the stress concentration due to
edge loading (explained in chapter 4) and also due to eccentric loading; In
the present caléulations the value A = 1.0 is taken (this value represents
accurately guided rollers with modified line contact for both races).

Following evaluation of basic dynamic capacity, the life of the.
bearing in millions of revolutions (mr) is calculated from equation (2.69),
which assumes that the inner race is rotating with respect to load (for outer
race rotation, a value 1'2Fr is taken as the external load).  Rumbarger (11)
has taken the value p = 10/3 for roller bearings.

Roller bearing life is plotted in figs. 3.20 to 3.22. Fig. 3.20
shows that the life for bearings with interference is lower than for zero-
clearance, up to a radial load, for which €=0.9, whence€ decreases, and life
becomes slightly greater than for zero clearance.

Fig. 3,21 shows the decrease in life with increase in positive
clearance. Maximum life occurs for a bearing with interference, in the
region &€ = 0,70 to 0.76. For example, if the clearance of a bearing with
a radial load of 6000 1lbs. (26.7 kN) is changed from zero to -0.0003 in.
(-0.0076 mm.) the life increases from 6.62 mr. to 7.4 m@, an increase of
11.8%. Deflection decreases from 0.00103 in. (0.0262 mm.) to 0.00066 in.
(0.0168 mm.), or about 36%.

As the interference is increased further from the point at which
life is maximum ( € = 0.70 to 0.76), € increases and the life decreases
rapidly. It is also clear from the above curves that the interference re-
quired in a particular bearing, for maximum life increases with increase in
the radial load. For a 20 roller bearing the interference required for

maximum life at 6000 lbs. (26.7 kN) radial load is -0.0003 in. (-0,0076 mm.),
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whereas, the interference required for maximum life at a radial load of
10000 1bs. (44.5 kN) is —0.0005 in. (~0.0127 mm.)s

Fig. 3.22 shows the effect of different numbers of rollers in
the bearing on life, for a radial load of 6000 lbs. (26.7 kN). The inter-
ference required for maximum life for a particular radial load increases

with decrease in the number of rollers.

3.8 " GRAPHICAL SOLUTION FOR RADIAL ROLLING BEARINGS WITH

RIGID RACES

The deflection of radial rolling bearings, even with the assump-
tion of rigid races, depends on factors such as bearing geometry, number of
rollers, material, external radial load and clearance. The deflection of a
rolling bearing can be found by solving equations (2.43) and (2,50) simul-
taneously by trial and error,'as explained in chapter 2. This is a time-con-
suming process. Thus to save time and also a considerable amount of labour,
nomograms were constructed for both radial roller and ball bearings. If very
high accuracy is required, the value of € obtained from these nomograms may
be used as the first assumption in the trial and error method, for rapid con-
vergénce. .

Using equation (2.43), equation (2.50) can be written for positive

clearance as,

2¢ \t
e e )] (3.7)

F
r t
5 =¢ [(

and for negative clearance as,

F .
r t 2€ .\t
7= ) [ o, @) (3.8)
where B = Z2 X K2o » (3'9)
Equations (3.7) and (3.8) can be written as,
* = < .
F £ (c) x £, (€) (3.10)
where F* = E_L_- .
B . (3.11)
and f1 and f2 are functions of c and € respectively.

Alignment charts of the form 'Z' were constructed (see for
example ref. 37) to solve equations (3.9), (3.10) and (3.11) for €. After
finding €,the radial deflection 6r of the bearing can be found easily from

equation (2.43), except for the value of & = 0.5 i.e. when ¢ = 0. A nomo-
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gram could be constructed for this purpose, but obviously this would not give

deflection at € = 0.5. To avoid this difficulty another nomegram was con-

structed to find the radial deflection from F* and € . This nomogram was again

constructed from equation (2.50), which for this purpose can be expressed in

the form,

F*

t t
5. [(26)" 3_ (@]

1

f3 (6r) X f4 (e) (3.,12)

where £, and £, are functions of br and € respectively.

3.8.1

4

SOLUTION FOR RADIAL. ROLLER BEARINGS WITH RIGID RACES

The deflection of radial roller bearings with rigid races may be

found from the nomograms given in figs. 3.23, 3.24 and 3.25, which were con-

structed taking,

K, = 5.21 x 106 (2) 8/9 and t = 1.11 (3.13)

where, { is the length of the rolers, or the effective length for crowned or

end-relieved rollers. Fig. 3.26 gives the variation of load sharing factor

and the factor (Plz/Fr) with loaded zone factor € for radial roller bearings.

Sample solution: It is required to find the radial deflection of a bearing

having Z = 25 rollers, each 4= 0.45 in. long, a radial interference of c =

-0.0006 in., under a radial load, Fr = 4000 1bs.

1.

Enter the nomogram in fig. 3.23 with the values of Z, ¢, and Fr,
joining these points with straight lines to meet at a commen point
on line B,as shown. Obtain F* = 3.2,in this case.

Enter the nomogram in fig. 3.24 with values F* and c, obtaining
€ = 1.67.

Enter the nomogram in fig. 3.25 at previously determined values
of F* and € , to obtain the radial deflection 5. = 0.00026 in.
This deflection is that of the inner race from the centred posi-
tion within the outer race.

The peak roller load and the radial load component on the peak

roller can now be found. Read the values of (PlZ/Fr) and Sf corresponding

to the value of € from fig. 3.26. In this case they are 6.25 and 2.05 res-

pectively.

Radial load component on the peak roller

p. = 8225 X 4000 .45 1y,

1 Z5

2.05 x 4000
25

Thus, total peak reller load
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3.8.2 SOLUTION FOR RADIAL BALL, BEARINGS WITH RIGID RACES

The value of K2 taken in the construction of nomograms for
this case is for bearings with standard groove radii (i.e. inner race
groove radius at 52% of the ball diameter, and outer race groove radius not
greater than 53% of ball diameter) and is approximated by (11),

A
K, = 14.2 x 10% 62 and £ = 1.5 (3.14)

where d is the diameter of the ball.
The graphical solution is presented by nomograms in figs. 3.27
to 3.31 and the curves of fig. 3.32.
Sample solution: The radial deflection of a ball bearing having Z = 15 balls,

‘each d = 0.3 in. . diameter, a positive radial clearance of c = 0,0003 in.,
under a radial load, Fr = 1000 1bs., is to be found.
1. Enter the nomogram in fig. 3.27 with the values of Z, d and Fr’
joining these points with straight lines to meet at a common
point on line B, as shown. Obtain F* = 1.8.
2e Enter the nomogram in fig. 3.28 with the values of F* and c,
obtaining € = 0.4. In case where €2 1.0 the nomogram in fig.
3;29 is to be used.
3. Enter the nomogram in fig. 3.30 at previously determined values
of F* and € , to obtain the radial deflection br = 0,00148 in.
If the deflection is greater than 0,002 in., fig. 3.31 is to be
usede
N.B. This deflection is that of the inner race from the centered posi-
tion within the outer race. Thus, the deflection after the peak -ball is
loaded is (0.00148 — c) or 0.00118 in.
Using the value of € (found from fig. 3.28 or 3.29), the peak
ball load can be found from fig. 3.32. In thiéfww = 0.40 and hence, the load
sharing factor S, = 4.73 from the above figure.

Therefore, Peak ball load = “f * 'r = 4,73 x 1000
Z 15

316 1bs.
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CHAPTER 4 BEARINGS WITH FULLY-FLEXIBLE RACES
— EXPERIMENTS WITH ARALDITE MODELS

4.1 GENERAL

The results given in the previous chapter applied to 'rigid races'
(which also implies rigid housings and shafts), thus races remaiﬁfcircular on
loading. Only the contact deflections at the roller and race contact areas
due to Hertzian stresées were considered. However, the load distribution
within a bearing will obviously depend partly upon the compliance (flexibility)
of the races and their supporting members. In this chapter, the practical
situation in which all elements in the bearing assembly are subject to deflec-

tion will be investigated experimentally.

4.2 ' MODEL TECHNIQUE

The effect of housing and supporting structure on the bearing can
be studied by experimenf either with actual (steel) bearing or by use of a
model. Model method using 'frozen-stress technique'! (see Crookall (15)) was
chosen, which offers the following advantages in the present study:

(a) the lower Young's modulus of about 2.5 x 103 lb./in.2 (17 MN/mz.)

5
at stress freezing temperature (compared to 5 x 10 lb./inz. (34

b4 102 MN/mZ.) at room temperature) allows convenient deformations
to be obtained with quite small load, with consequent increase in
the accuracy of measurement.

(b) model 'frozen' under load can be dismantled and the deformations
in the individual parts measured. Thus detailed information such
as deformations near contact areas, distortion from roudness, and

the deflections of individual rollers can be obtained, which would

be impossible otherwise, and which are relevant to fhis study.

4,3 PRODUCTION OF MODELS
Model material - CIBA (A.R.L.) Ltd., epoxy resin (100 parts by weight of

Araldite CT200 and 30 parts byweight of hardener HT90l).

Moulds used were of mild steel, and allowed for subsequé;¥:ggagis and also
for a tensile test specimen to be made from the same casting as the model.
Also, rollers and platens were made from the same castinge. The Araldite

plates (for the outer race) were cast to size, in moulds consisting
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essentially of two 12 in. x 12 in. X # in. steel plates with their surfaces
ground and polished for smoothness and flatness, The steel plates were
separated by a 0.45 in. steel spacér, thus setting the thickness of the
cast plate.

All casting surfaces were thinly coated with Silicone oil
release agent and baked at 200°C for easy removal of the casting.

Casting and annealing procedure followed were according to the instruction

sheet issued by the manufacturer (details can also be seen in refs. 15, 16).
Machining of the castings was initially done to within 1/8 or 1/16 in.‘of the
finished size. This was followed by annealing and the finish machining to
required size. A diamond slitting machine was used for machining rectangular
calibration test strips. The machining tolerances were i0.000Z in. (0.0025
mm. ) for all important dimensions.

Stabilisation of the models requiring repeated heating cycles was shown to be

necessary by Crookall (15). This is to avoid the rise in Young's modulus

with the number of heating cycles due to secondary curing. This was done in

the present experiments by preheating the finished models at 140°C for 48 hours.
When a number of parts of a model were derived from the same casting

they were all kept together during all heating cycles (irrespective of whether

they were actually being used)so that there was no relative change of properties

due to secondéry curinge.

4.4 STRESS FREEZING
With the model assembled in the loading rig, the following heating
cycle was used:

time - hours

Heating to 130°C 8
Stress freezing at 130°%¢ 3
Slow cooling (from 130°C - 70°C) _ 30
Rapid cooling (from 70°C — 25°C) 6
total cycle time a7

As the Young's modulus at the loading temperature (130°C) is
.low, the body force i.e. the self weight,‘of the model might have produced
exaggerated deflection. This could be avoided by stress freezing the model
in a fluid (e.g. glycerine) having specific gravity similar to that of Aral-

dite. However, this would have been rather inconvenient experimentally, and
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was not done. For the calibration of rollers the effect of self weight
was taken into account by adding the (comparatively small) weight of the
upper platen to the external load, in evaluating the results, For the
complete bearing, it was found, by the finite-element method, that the total
deflection of the bearing with self weight was about 5% higher than without
self weight, but that the effect on the load distribution among the rollers

was negligible.

4.5 CALIBRATION OF MODEL MATERTAL

Two types of calibration specimens were used as shown in figs.
4.,la and b. The first type (used in calibration of rollers) was of circular
cross section 0.375 in. in diameter and 5.5 in. long (fig. 4.la). Six fine
gauge lines were scribed, each on the circumference of the specimen with a
scriber on a Société Genevoise Type MU-214B Universal measuring machine.

The specimen was held lightly between centres during scribing and measuring-.

The second type of specimen was of rectangular section, 0.25 in.
by 0.1 in., and about 6-in. long (fig. 4.1b). The strip was cut with a
diamond wheel. Six gauge lines were scribed, as shown,with the specimen
1ightly clamped on the table of the measﬁring machine.

Eightéen gauge lengths were obtained from each specimen, and
the effect of bending due to non-axial pull was avoided by taking readings
on two opposite sides of the specimens. The loads applied to the circular .
and rectangular specimens were about 3 lbs. and 1 1b., respectively.

The tensile specimens were measured before and after each loading,
on the Universal measuring machine. The elongations were plotted against their
corresponding gauge lengths, a typical result being shown in fig. 4.2. A mean
line was drawn, and the slope of which indicated the mean strain.

Later, a computer program 'ELSTCT' was developed to calculate
Young's modulus from the individual readings, using least squares regression
to find the mean strain. A listing of this program is given in the computer
program section. ‘

Variation of Young's modulus for roller material with the number
of stress-freezing cycle (which is half the total number of heating cycles)
is shown in fig. 4.3. The value of Young's modulus was reasonably constant
at 2730 1b./ip2. (18.82 MN/mz.). For bearing races this was found to be
2765 1b./in2. Hence, for all theoretical calculations a constant value of

E = 2730 1b./in2. (18.82 MN/wnz.) was used.
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4,6 CALIBRATION OF ROLLERS

The load distribution in a bearing depends upon the deflection
distribution, and the load-deflection characteristics of the rollers and
races. Hence, it was necessary to determine the latter for different types
of rollers and platens.

Details of the rig for loading a roller between two platens may
be seen in fig. 4.4a. As the stress freezing and annealing cycles take
considerable time, ten rollers were loaded between platéns simultaneously,
as shown in fig. 4.4b. Thus the entire load-deflection characteristics
were determined in a single heating cycle. The calibration of solid and

hollow rollers were made between

(a) Araldite platéns having width 0.616 in., (15.65 mm.)

(b) Araldite platens having width 0.45 in., (11.43 mm., i.e. equal
to the length of roller)

(¢) Aluminium platens.

4.6.1 MEASUREMENT OF MODELS

Rollers were measured with a Matrix Diameter measuring machine
(reading to 0.,00001 in.) before and aftef loadinge. The measurements were
made at three equidistant positions (one at the middle and two at the two
ends) along the length of the roller and the average of them (according to a
modification of Simpson's rule given later) was taken. This is to over—
come the effect of any taper in the rollers (less than 0.0001 in.), and any
eccentric loading.

Platen deformations were measured by dial gauge (reading to
0.0001 in.) held in a magnetic stand, the platen being mounted on a co-ordinate
table. The deformation was measured with respect to two points 0.15 in.
(3.81 mm.), i.e. equal to the roller radius on either side of the centre of
the contact area. The results were thus directly applicable to tests on the
complete bearinge. The race deformation at any roller position is the result
of the combined effects of all roller loads, and hence the effect of a par-
ticular roller cannot be found by direct measurement. However, the local
deformation at any roller position (with respect to the two equidistant points
on either side of the contact area) is practically independent of the other
roller loads.. |

To avoid the effect of eccentric loading the platen deformations

were also measured at three equidistant positions (one at the middle and the
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other two at the two ends) along the length of contact area and the average
was calculated according to a modification of Simpson's rule as follows:

1
5, =% [al + by + 53] (4.1)

where 62 is the deflection at the centre of contact area, and 61, 63 are
deflections 0.15 irn. (3.81 mm.) on either side of the centre along the length
of contact area.

Width of contact area was measured by travelling microscope.

However, the surface outside the contact area was very carefully 'shaded’
by rubbing the platen against a paper coated with chalk. Without this
treatment the edge of the contact area could not be seen under the microscope

at all,

4,6,2 EXPERIMENTAL RESULTS

The results of the roller and platen calibration experiments are
given in tables 4.1 to 4.6 and represented graphically in figs. 4.5 to 4.14.
The results for solid and hollow Araldite rollers in Araldite platens wider
than the length of rollers are given in tables 4.1 and 4.2 respectively. Fig.
4.5 shows the load-deflection characteristics of a solid Araldite roller be-
tweeﬁxgﬁgtens wider than the length of the roller, and fig. 4.6 shows the
variation of width of contact area for the same case. Figse. 4.7 and 4.8
are the similar graphs for a hollow Araldite roller between Araldite platens
wider than the length of the roller.

Tables 4.3 and 4.4 represent the experimental results for solid
and hollow Araldite rollers, respectively, between Araldite platens of widths
equal to the length of roller. Fig. 4.9 illustrates the variation of def-
lection with load for a solid Araldite roller between Araldite platens of
widths equal to the length of the roller, and fig. 4,10 shows the relation
between width of contact area and load for the same assembly. Similar rela-
tions for a hollow Araldite roller loaded between Araldite platens of widths
equal to the length of the roller are shown in figs. 4.11 and 4,12.

Experimental results for solid and hollow Araldite rollers between
aluminium platens are illustrated in figs. 4.13 and 4.14 respectively and the
corresponding results are given in tables 4.5 and 4.6.

' Smooth curves were drawn through the experimental points using
the method 6f least squares (see for example ref. 36). A computer program
'POWER' was developed for this purpose, the listing of which is given in the

computer program section. The equation of the curves considered were of the



form given by equation (2.24), namely

5 = AP" (4.2)

The load and deflection values for the computer-fitted curves,
and the corresponding values of A and N, are given in the second part of each
of the tables 4.1 to 4.6. As in chapter 2, Al represents the constant for

one contact area, and A, represents the constant for two contact areas (i.e.

2
at the two platen contacts of a roller).

4.6.3 DISUCSSION OF RESULTS

Note that the deflection of platens and total assembly given in
the experimental results are not the 'overall' deflections, but those with
respect to the two points 0.15 in. (3.81 mm.) on each side of the centre of
contact area. Thus deflections of the two datum points are excluded. The
reason for doing this is given before while mentioning the measuring procedure
of, platen deflection. )

Platen, roller, and hence total deflections for a solid Araldite
roller and Araldite platens wider than the length of the roller, fig. 4.5
(and table 4.1) is less than the corresponding deflections for the case of
Araldite platens of same width as the roller, fig. 4.9 (table 4.3). This
is due to the edge effect of the wider platen. When the platens are wider
than the length of the roller, the ends of the contact area are more highly
stressed than the rest of the area as shown in fig. 4.15. Ideal contact
does not exist in this case, and some work is expended in compressing the
material laterally, i.e. perpendicular to the direction of rolling. The
smaller compressive stress at the middle portion of contact area gives rise
to smaller deflection. The edge loading reduces the life of a bearing, and
it is important to consider it during bearing design. More information
about edge loading can be obtained from ref. 12, page 138, and ref. 28, page
l4e.

The edge loading can be reduced or eliminated completely by
'crowning' the rollers or raceways, or less effectively by chamfering the
ends of rollers. It is also possible to reduce the edge loading by using
hollow rollers, or by making the ends of the roller hollow. This is notice-
able from the results of hollow Araldite rollers between Araldite platens
wider than the roller length, fig. 4.7 (table 4.2) and between Araldite platens
of widths equal to the length of the roller, fig. 4.11 (table 4.4). The
differences in deflections of roller, platen, and total, between the two

cases are much smaller than the corresponding differences for solid rollers.
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Total deflection for a solid Araldite roiler in wider Araldite
platens, fig. 4.5 (which excludes the deflection of the datum points) shows
quite good agreement with the F&ppl formula. Also, for Araldite platens of
widths equal to the length of the roller, the deflection curve lies between
the curves of the Fppl and Palmgren formulae. It will be shown later in
the section for roller calibration by finite element method, that for the
latter case the results agree very closely with the Palmgren formula if the
deflection of the datum points is included.

The total deflection for a hollow Araldite roller between wider
platens, fig. 4.7, is also nearer to the theoretical curve obtained by adding
the compression of the hollow roller (see_§ection 2.6) to that given by the
Féppl formula.

The difference in Araldite platen deflection for the same width oFf
platen 1s small for solid and hollow Araldite rollers. There is little dif-
ference in the widths of contact areas for the different Araldite platen and
roller combinations, figs. 4.6, 4.8, 4.10, and 4.12. Curves for the width
of contact area using Hertz's formula are also shown dotted in the above
figures. They are somewhat lower than the experimental results. This is
attributed to the fact that it is difficult to locate precisely the edges of
the contact area, as no shérp transition exists. The method of measurement
employed tended to overestimate slightly the width of contact area.

The deflection component of a solid Araldite roller between Aral-
dite platens equal to the length of the roller, fig. 4.9 (table 4.3) and
between aluminium platens, fig. 4.13 (table 4.5) is very nearly the same.

The virtual absence of edge-loading effect makes these cases equivalent
(With aluminium platens the edge loading effect is negligible due to the
relatively high Young's modulus). The same result can be seen for a hollow
Araldite roller between Araldite platens equal to the length of the roller,
fig. 4.11 (table 4.4) and between aluminium platens, fig. 4.14 (tablet6).

4.7 EXPERIMENT ON THE COMPLETE MODEL BEARING
The deflections of the inner and the outer races comprise:
(a) local deflections due to loading by individual rollers, and
(b) overall distortion of the races due to the combined action of
the roller loads.
It is this second component of total deflection which causes
the roller load distribution in practice to be different from that obtained

theoretically with the assumption of rigid races. The aim is thus to imvar-
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tigate the effect of this deflection component on bearing performance.

The experimental arrangement for loading an Araldite model
bearing inside the stress—freezing oven, is illustrated diagrammatically
in fig. 4.16. The integral outer race and housing is in the form of a
plate, which rested on one edge upon the ground surface of a flat, rigid
steel beam. The plate could be set vertically using a spirit level and was
thereafter located lightly by four screws. Ioading was applied to the
bearing through the shaft and integral inner race. A calibration strip was

also loaded in tension at the same time as the model, as shown.

4.,7.1 DIMENSIONS OF MODELS

Bearing 'races' were made integral with their respective shaft
and housing, therefore implying a 'perfect fit' in practice.

Photographs of the houéing and the shaft are shown in fig. 4.17.
The essential dimensions are given in fig. 4.18. Shaft length projecting
on either side of the collar (inner race track) is sufficient to sensibly
remove from the stress distribution at the race position, any effect due
to the concentrated loading of the ends of the shaft.

The interference in the bearing is 0.01006 in. (0.2555 mm.), i.e.

=~ 0,010 in.

The cage (see fig. 4.17b) comprises twenty, 1/8 in. square
Araldite spacers of %+ in. in length bonded between two Araldite rings. One
ring (A) is just larger than the shaft, and the other ring (B) will pass over
the collar on the shaft (fig. 4.18). After assembly a third ring is push-
fitted into the ring (B) so that, the cage is centered on the shaft. A
photograph of the cage and rollers, both solid and hollow (the latter were
not used in this experiment) is shown in fig. 4.17b. The assembly of cage

and rollers on the inner race is shown in the photograph of fig. 4.l7c.

4,7.2 METHOD OF OBTAINING PRELOAD

The inner race, cage and rollers were assembled on a wooden
fixture as shown in fig. 4.18, using an elastic band to retain the rollers.
The integral outer race and housing was heated to 14OOC, together with the
- calibration strip, by placing it in a preheated oven. The coefficient of
linear expansion of Araldite is 5 x 1077 per °C below 94°C, and 15 x 1077
per °C above this temperature. The outer race was then quickly fitted over
the assembled rollers and inner race, no force being required. On cooling,

the model was ready for assembly into the loading rig.
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4.7.3 MEASUREMENT OF DEFLECTIONS

Bearing deflection was measured in two ways:-

Method 1

Two lines were scribed (fig. 4.19a) diametrically opposite and
perpendicular to the direction of radial load, on both sides of the collar.
Their height from the top surface of the loading beam was measured before
and after loading. The mean difference of the heights of the four lines
before and after loading gave the bearing deflection. This procedure avoids
any slight angular tilt in the shaft. Slip gauges and a ‘'knife edge'
(used for measuring root diameter of screw threads) were stacked on the top
surface of the beam beside each line and the height difference between the
lines and the top of the knife edge was measured using a travelling microscope.
Placing and adjusting the microscope in the oven presented certain difficulties.
Method 2

This consists of measuring and summing the deflections of all the
individual components in the line of load, i.e. the inner race, the peak
roller and the outer race. The measurement of deflection of the individual
components is as follows:

The outer race deflection was measured on the Universal measuring

machine MU-214R. For this purpose, two pairs of diametrically opposite lines
(A,B,C,Vand D in fig. 4.19a) were marked on the circumference of the outer race
track using a Société Genevoise Rotoptic-2 optical circular table. A fifth
line was marked on the supported edge at E, in line with C and A. Overall
deflection of the housing comprises local (contact) deflection, the deflec-
tion due to the race distortion, and the body deflection of the outer race
with respect to its supported lower edge. This?ééflection is shovm in fig.
4,19b as the distance between an imaginary line BD, and its deflected position
B'D', This can also be visualised as the deflection of the 'centre' of the
bore.

The total deflection of the outer race is the compression of the
distance AE, and is given by,

6A =‘6D + 6A/D (4.3)

where, d_ is the body deflection of outer race and 9 is the combination

D A/D
of the local deflection at peak roller and the deflection due to the distor-
tion of the outer race,

‘ The total deflection of the housing was determined by measuring

AE before and after stress freezing, first by the measuring microscope on the



59

MU-214B, and then as a check by the diameter-measuring feeler attachment.
It wés found after stress freezing that line A was slightly displaced from
the centre of the peak roller contact area. Correction for this was made
by measuring the height of A from the centre of the peak roller contact
areae. A check was made to confirm that the line of the centre of contact
area was square with the plate surface, and that it was not curved, using
the feeler on the MU-214B.

The radial distortion at A, % (i.e. the change in perpendi-

cular distance between A and the line joiﬁégg B and D measured before and
after loading) was measured using the microscope attachment on the MU-214B.
The correction for A not being on the centre of the contact area was also
made as before, The diameters AC and BD and the radius at B before and
after loading were also measured to find quantitatively the deformed shape
from the Talyrond chart.

The inner race deflection was measured by scribing two pairs

of diametrically opposed lines with a MATRIX optical projection dividing
head, as shown in fig. 4.1%a. One pair (F and I) was in the direction of
the load and the other (H and G) perpendicular to it. The radius at F
(which is in the direction of the load, and lies at the centre of peak roller
contact area) was measured before and after loadinge. The difference be-
tween the two readings gave the deflection of the inner race.

The radius at F (which is defined as the perpendicular distance
between F and a line joining HG) was measured by holding the inner race with
the iine F upwards on a specially prepared V-block (fig. 4.20a). This V-block
holds the inner race on the two sides of the collar and does not touch the
inner race track. This arrangement was more stable than a conventional
V-block for locating the bent shaft. The V-block was clamped on the cir-
cular table of the Universal measuring machine (MU-214B). A special holder
was made to locate a travelling microscope on the MU-214B horizontally, as
shown in fig. 4.20b. With the microscope in the horizontal position, the
lines H and G on the inner race were alternatively viewed in the microscope
by rotating the circular table. The inner race and the height of the micro-
scope were adjusfed until both of the lines passed the cross wires in the
microscope, ensuring that the line joining HG was horizontal, and that
joining IF was vertical. The height of the microscope was recorded. A
pile of slip gauges bearing a knife edge of known height (fige 4.20b) was
sighted in the microscope, and the reading was taken. From these measure-~

ments the height of the line HG above the top surface of the circular table
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was established. .

The holder and microscope were then removed without disturbing
the inner race. A depth-measuring attachment was used, as shown in fig.
4,20c, to establish the height of line F above the top surface of the cir-
© cular table, again using the slip gauges as a reference. The radius at
point F was thus found by subtracting the height of line HG measured pre-
viously from that height of F above the table. A check on this measurement
was made by also measuring the radius at I, and comparing their sum with
the diameter FI (measured directly by the diameter-measuring feeler attach-
ment). The diameter HG before and after loading was also measured.

The roller deflections were measured as in the previous exper—
iments, using the MATRIX diameter measuring machine.

From these measurements, the total deflection of the radial roller
bearing is given by

o} = ARA+AR +8 +ADE+ radial clearance

bearing F “peak roller

= 54 /p"0p 0 5eak ro11er?n*c (4.4)

For simplicity, & and bF will be represented in the next

bearing’ bD’ bA/D
chapters as br’ bb’ bor and bir respectively.

The shape of the races after deformation was measured with a

Talyrond machine at the National Physical Laboratory.

In order to obtain a true circumférential trace of the inner race
- (thus avoiding location by the bent shaft) a fixture was made (see fig. 4.21)
to hold the shaft by the collar on the Talyrond table.

From the Talyrond charts the local deflections were determined
using a plastic template marked with concentric circles. The local deflec-
tions were measured with respect to two points 0.15 in. (3. B8imm., equal to
the radius of rollers) on either side of the centre of the contact area;
this procedure is the same as that adopted in section 4.6.1 for measuring

platen deflection.

4.7.4 EXPERIMENTAL RESULTS
The component and the total bearing deflections(both experi-
mental and theoretical) are given in table 4.7 for the applied load of 9.5

lbs. (42.3 N) and radial interference of approximately 0.010 in. (0.254 mm. ).
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The roller load distribution in this bearing*, and also the load distri-
bution calculated using the 'rigid race' assumption are given in table
4.8, and are presented graphically in fig. 4.22. Roller position is
pPlotted with respect to the peak roller (%/j = Oo), which is directly
in line with the radial load. The Talyrond traces of deflected outer

and inner races are shown in figs. 4.23a and 4.24a, respectively.

4.7.5 DISCUSSION OF RESULTS

Table 4.7 shows that the deflections of the outer race, the
inner race, and the complete bearing, for the fully flexible model are
significantly different from those calculated on the assumption of 'rigid
races', This difference will naturally depend upon the flexibility of the
races, radial clearance, radial load and other factors.  The body deflec—
tion of the outer race is finite (although it is not considered in the case
of 'rigid races'), and it may represent a substantial part of the total
bearing deflection, depending upon its design.

From experimental measurements of the outer and inner races,
and the Talyrond charts given in figs. 4.23a and 4.24a, the following
conclusions can be drawn:-
(a) The outer race expands, and the inner race contracts if preload
is present in the bearing. The amounts will depend upon the degree of pre-
load and the relative radial stiffness of the races.
(b) . The combined  effect of the roller loads due to an external load
causes distortion of the bearing tracks, the outer race becoming elliptical,
with the major axis perpendicular to the direction of load. This is partly
due to the action of the components of roller loads perpendicular to the
direction of radial load and, in this case, partly due to the particular
restriction on the deflection of the plate due to its edge-mounting on a
rigid support, It will be shown later that if the outer race is sufficiently
flexible in the direction of the radial load (due possibly to lack of support,

or the presence of other openings in the plate) the major axis can lie in the

*' This was calculated from the experimental values of local deflections of
races, deflections of rellers and total deflections, using an equation of the form
P=K6t , Wwhere K and t are calculated from the previous calibration results
(table 4.3). In another method used, K was found from the equilibrium
equation of the complete bearing in the direction of radial load, taking the
value of t from the calibration result.
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direction of the radial load, notwithstanding the action of roller load
components perpendicular to it.

The shape of the inner race also depends upon its radial
rigidity and the roller load distributicn. For the present case of a
solid shaft and preloaded bearing, the distortion of the inner race is
comparatively small.
(c) The load distribution differs from that calculated from the
rigid race assumption due to the change in size and shape of the races
(conclusions (a) and (b) respectively). The change in size of the races
resulted in a decrease in the general level of load, in this case. Also,
as the shape of the outer race in this case was elliptical with its major
axis perpendicular to the direction of the radial load, the load distribution
was in fact somewhat 'peakier' than for the theoretical 'rigid race' situa-
tion. Obviously the shape adopted by the outer race exerts an important in-
fluence on load distribution, and this is investigated further in chapters

6 and 7.
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CHAPTER 5 DEVELOPMENT OF FINITE-ELEMENT PROGRAM
FOR BEARINGS WITH FULLY-ELASTIC SUPPORTS

5.1 GENERAL

A computer program involving the finite-element method has
been developed to evaluate the performance of radial rolling bearings under
realistic support conditions. In this chapter a short discussion on the
finite-element method and some short notes on the computer program developed
is givene. In the later part of the chapter a method of finding the equiv-
alent radial load, which is used to calculate the life of radial rolling
bearings having any arbitrary rolling element load distribution, is given.
This equivalent radial load is used in the next two chapters to compare the

rolling element load distributions for different cases.

5.2 FINITE - ELEMENT ANALYSIS OF TWO DIMENSIONAL PROBLEMS
The finite-element method involves the sub-division of a struc-

ture into a finite number of 'elements' interconnected at a finite number of

'nodal points'. The analysis of this elemental structure can be used to

determine the displacements and stresses developed in two-dimensional struc-

tures of any desired geometry and material property, from the force-displace-
ment relations of the individual elements. Triangular or quadrilateral
element shapes may be used for two-dimensional problems, and in the present
investigation, triangular elements have been used.

The two basic approaches are the displacement method, and the
force method, although a combination of these two methods is sometimes used.
In the present work the displacement method has been used. The strain energy
of the system resulting from the displacement and force methods represents a
lower and upper bound, respectively, to the true strain energy of the contin-
uum, The finite-element solution will converge on the true solution as the
mesh size is reduced.

For the force-displacement relations (stiffness matrix) of an
individual element the following assumptions are made;

(a) dispiacement within each element is assumed to vary linearly, i.e.
'lines initially straight remain straight in their displaced
position'. This maintains the continuity between elements of the
system, and also makes the strains and hence the stresses within

each element, constant.
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(b) stresses acting on the edges of each element are replaced by

stress resultants which act at the corners of the element.

After finding the stiffness matrix of each element based on
the above assumptions (procedure given in appendix 5.1),the overall stiff-
ness matrix for the complete structure is formed by the systematic addition
of these individual element stiffness matrices. Forces acting on the actual
structure are then replaced by statically equivalent concentrated forces
acting at the nodal points of the finite element system, and the force matrix
for the complete structure is formed. )

The equilibrium of the complete system of elements which express
the nodal point loads, F, in terms of nodal point displacements, b, can be
expressed by the following matrix equation;

(k] [&] = [F] (5.1)
where [K] is the overall stiffness matrix for the complete structure. This
matrix equation represents a system of simultaneous linear equations which can
be solved, to find the unknovmn nodal point displacements. From these nodal
point displacements the element stresses can be calculated.

As has been stated, the 'true' solution for a structure is obtained
only with an infinite number of elements. However, mesh size is unimportant
in regions of constant stress as virtually any mesh size will give the true
stress distributions in such regions. In regions of high stress gradients,
however, mesh size is critical, and by a careful grading of the mesh size so
that the smallest elements occur in the regions of highest stress gradients, it
is ﬁoSsible to obtain results that lie well within the limits of normal experi-
mental error. The finite-element mesh used for radial roller bearing with
housing and shaft made of Araldite and steel are shown in figs. 6.4 and 7.3
respectively,

Only a brief account of finite-element analysis for two-dimensional
structures is given here, as details of the method in general are given in

references 38 - 40,

5.3 PROCEDURE USED FOR SOLVING THE SYSTEM OF SIMULTANEOUS
LINEAR EQUATIONS
In the system of simultaneous linear equations represented by
equation (5.1), the actual number of equations in the system is twice the
number of nodal points in the structure. They can ke solved by various
iterative or matrix inversion methods given in references 38, 39, 41 - 43.

The iterative method given in reference 39 is quite fast, but the number of
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elements and nodal points that can be used in a structure is limited to

about 400 and 250 respectively, for 32K computers such as the IBM7094.

In the present investigation the solution technique of ref-
erences 38, 42, 43 is used. The matrices in equation (5.1) are sub-
divided into convenient parts, taking into account the symmetry and sparse-
ness of the overall stiffness matrix, and the fact that the non-zero elements
usually lie close to the diagonal. Descriptions of this technique can be
found in the above references and a brief procedure is given in appendix 5.2.
This method offers the following main advantages: )

(a) The number of elements and nodes that can be used in a structure
is unlimited, provided the number of nodal points in each parti-
tion (described later) is limited to a figure which depends upon
the storage capacity of the computer used.

(b) The stiffness matrix is sub-divided in a tridiagonalised manner,
and the zero elements outside the tridiagonal band a}e not stored
in the computer.

(c) After generating and storing the intermediate matrices given in
appendix 5.2, the time required for solving the problem is com-
paratively very short. For any additional bad matrix only little
additional time is spent in obtaining the soluticn. This was
found extremely useful in the present investigation. The inter—
mediate matrices are stored on magnetic tape for a bearing with
a particular housing and shaft. They are used subsequently for
any radial load, radial clearance and amplitude (and type) of outer
race relief of the bearing.

(d) Symmetry of the overall stiffness matrix is utilised by storing
only one of two symmetrical sub-matrices.

The matrix partitioning corresponds to a physical division of the
actual structure. In the finite element mesh used for radial roller bearing
(see figs. 6.4 and 7.3), only one half of the housing and shaft is considered,
due to symmetry. The outer and the inner race rings are considered to be an
integral part of the housing and the shaft respectively. Radial lines passing
through the centre of contact areas and between two contact areas shown in
the mesh of the housings, are the division links of the mesh., These lines of
division are known as the 'partition lines' and the divisions as the 'parti-
tions'. Similar partitions are also present in the meshes for the shafts;
there are 20 partitions in the housing and the shaft. Eiements and nodal

points are numbered serially, starting from the first partition, the numbering
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of elements within each partition being arbitrary. However, nodal points
on a partition line are common to the adjacent partitions. Thus the nodal
points on the partition line are numbered serially, the numbers being the
last nodal point nﬁmbers of the preceding partition and the first nodal

point numbers of the succeding partition.

5.4 NOTES ON THE PROGRAM FINELM

A flow chart of the program FINEILM is given in fige. 5.1, and the
listing of the latest version of the program is in the computer program
section. The basic finite element part of the program is similar to that
given by Zienkiewicz in reference 38, with some reorganisation and changes
for the present investigation. The major reorganisation is in subdividing
the solution part of the program in the above reference into subroutines,
MSM, MFM and FORCE. This was found necessary as the inner and outer races
of ‘the bearing are treated as separate problems, but they are solved simul-
taneously and are combined together in the iterative part of the subroutine
SOLN. Some intermediate matrices are also stored for subsequent use. The
tapes 1 to 4 have been re-allocated to store intermediate results of the two
problems in such a way that minimum amount of tape manipulation is required.
Another tape (No. 8) has been added to store all the information and inter-
mediate matrices necessary to solve other cases of the same bearing having
the same outer and inner races, by using a smaller program. The maximum
time required by the program is in the subroutine MSM (especially in inverting
the 40 sub-matrices) and is about 220 secs. of the central prbcessor time on
the CDC 6600 computer (about 25 mins on the IBM7094). Solution for one
iteration (described later) of the outer and inner races to find the nodal
point displacements after forming the modified stiffness matrices (in MSM)
takes only about 10 secs. of the central processor time of the CDC 6600.
Thus storing the intermediate matrices for subsequent cases saves a consider-
able amount of computer time.

Subroutine LOAD has. been changed to distribute the shear stress
acting on the surface either uniformly or parabolically, as desired. From
simple beam theory the shear stress distribution in any cross section of a
beam having rectangular or circular (solid or hollow) section is parabolic,
due to the change in bending moment along the length of the beam. The for-
mulae used in LOAD subroutine were checked by considering some typical rec-

tangular and ciréular cross sections which were solid or hollow (to different
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extents). The nodal point load distributions found were quite close to
those obtained by conventional beam theory. Some new subroutines LMAT,
DTBN and NPF were added which, together with subroutine LCAD, forms auto-
matically the load matrices for the outer and inner races from the external
radial load acting on the bearing. Thus reading of the load matrices
from the data cards is not necessary; only the radial load acting on

the bearing need be read.

Subroutines DRAW and POLE were added to draw the deflected and
the undeflected shapes of bearing races.

The program was first run on the IBM 7094 computer. The flow-
chart given in fig. 5.1 is for this version of the program. Because of core
storage 1imitations in the IBM 7094 computer the program was loaded in the com-
puter as an overlay program. During the last year of the investigation the
program was run on the CDC 6600, a very much larger and faster computer.
Minor alterations in the program were necessary for this change to the CDC
6600. The overlay feature of the program was retained to save some computer
core storage. The first deck of the main link of this computer program is

called FINELM.

5.4.1 DESCRIPTIVE FLOWCHART

An outline of the program in the form of a descriptive flowchart
is given as follows:
(1) Call subroutine RWST of link (1,0) and execute operations up to
step no. 14 by this subroutine.
(2) Read and print the characteristic data such as bearing component
dimensions, elastic properties, densities, thicknesses, constants for roller
and race way contact deformations etc.
(3) Steps up to 13 are repeated for outer and inner races (DO LOQP'20').
(4) Read and print data such as number of partitions, nodal points,
elements, nodal points with prescribed displacements etc., of the race under
consideration. Also, read and print, varilables used to select the type of
shear stress distribution of the race, nodal point numbers on the race, pres-
cribed displacements, first and last nodal point and element numbers of each
partition, etc.
(5) Repeat steps up to no. 13 for each partition of the race under
consideration (DO LOOP '70').

(6) Read and print co-ordinates of the rodal points, and find *the
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co-ordinates of the nodal points on the race for the partition.

(7) Repeat up to step no. 11 for the elements of the partition
under consideration (DO LCOP '80').

(8) Read and print the nodal point numbers (given in anti-clockwise
order) and elastic property number of the element. To reduce the number
of data cards, the nodal point numbers and elastic property numbers of four
elements are read from one card. ‘

(9) Call subroutine FEM which forms the element stiffness and stress
matrices. The stress matrices are stored on tape nos. 1 and 8.

(10) Call subroutine LOAD to form body~force matrix. Force due to
shear stress on the element is distributed to the nodal points considering
uniform or parabolic shear stress distribution. The term body force is
. retained because as far as this program is concerned, the shear stresses and
body forces are treated in a similar way. In case of only body force being
present, the proper densities should be read for the proper areas of the mesh
in step 2, and the value of the variable NSR read in step 4 should be any-
thing but 1. If shear stress is acting in any area of a race the value of
the density for that area to be read in step 2 should be 1.0 with the proper
sign indicating the sign of shear stress and the value of NSR read in step 4
should also be 1 (integer).

(11) Add the element stiffness matrix to the stiffness matrix of the
partition in accordance with the nodal point numbers of the element under
consideratione.

(12) Introduce the prescribed displacements. To do this, for a
point with one or both components of displacements prescribed, the corres-
ponding diagonal term is multiplied by a large number (0.1:x 1012) and the
corresponding force on the right~-hand side (equation 5.1) is at the same
time replaced by this newly-formed diagonal term multiplied by the prescribed
displacement value 6p. Expanding the appropriate row (i th row) of the
equation 5.1 gives

k.. &, + k.. d

2
ll 1 12 +o..+0-1 X 1& X kii 6i toaet ki 6

2 N °N

= 0.1 % 1012 x k.. d (5.2)
ii p

As all the other coefficients are nearly zero,

61 = 6p (5.3)

to a good degree of approximation.
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(13) Partition the stiffness matrix of the partition to form the
sub-matrices of the tri-diagonalised overall stiffness matrix as described
in appendix 5.2, and store them in tape 4. Partition the load matrix of
the partition in a similar way and store in tape 2.

(14) Transfer the load matrices for outer and inner races from tape

2 to tapes 3 and 8, and return to the main program.

(15) Call subroutine MSM of link (2,0) and form the modified

stiffness matrices and the intermediate matrices and store them on tapes

for later use, as stated in appendix 5.2. This subroutine uses the matrix
inversion subroutine SPNIST, which was obtained from the Imperial College
7094 Fortran IV Library (IBLIB).

(16) Read the number of problems to be solved, and repeat up to step
no. 28 for the numker of problems.

(17) Read the radial load, amplitude of relief in the outer race,
diameter of roller (which gives the bearing radial clearance for the given
race diameters), density of roller material, shaft speed in RPM and the value
of the variable NSF for the bearing. If NSF = 1, stresses and nodal point
forces will be calculated and printed, and deflections of all nodal points
will be printed. Any other value of NSF will omit these (i.e. omit step
nos. 26 and 27). )

(18) In LOAD subroutine the nodal point force matrices were formed by
calculating the nodal point forces of the regions where shear stresses act,
taking the value of density to be unity. In this step form the actual
nodal point force matrices, from the previous matrices, taking into account
the radial load acting on the bearing and the area of the race subjected to
the shear stress., As the areas subjected to shear stress in any race have
constant thickness in the cases considered, the volume, rather than the area,
subjected to shear stress was calculated in the subroutine LOAD.

(19) Call subroutine SOLN of Link (3,0), and execute operations up to
step no. 27 by this subroutine.

(20) Calculate the radial clearances at each roller position, con-
sidering rigid races from the diameters of the races and rollers, and ampli-
tude and type of relief in the outer race. Call subroutine LMAT, which calls
subroutine DTEN, to find the roller load distribution from the radial load,
shaft speed and contact deflection constants. The process is described in
chapter 2, section 2.7.4.  Subroutine LMAT then calls subroutine NPF for each

roller position in outer and inner races. NPF distributes the roller load
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among the nodal points in the region of the contact area, assuming Hertzian
stress distribution (given in section 2.3). Subroutine IMAT puts all these
nodal point forces in the correct position to form the force matrix of the
race tracks.

(21) Call subroutine MFM, This subroutine adds the force matrix of
the race tfacks to the body force matrices developed in step no. 18 for suc-
cessilve partitions for the outer and inner races to form the total force mat—
rices, Changes are made as stated in step no. 12 to introduce prescribed
displacements. The modified force matrices are then formed for the parti-
tions of the outer and inner races from the intermediate matrices formed

and stored in subroutine MSM (step no. 1%) and as described in appendix 5.2.
(22) Call subroutine SOLVE. This subroutine solves for the nodal
point displacements from the matrices developed in subroutines MSM and MFM
by back-substitution as described in appendix 5.2.

(23) Calculate the radial clearances at the different roller positions
by considering the displacements of the nodal points on the race tracks cal-
culated in the previous step, and removing the local contact deformations of
the races. Removing the local contact deformations is found to be essential
because, otherwise, the roller load distribution does not converge with the
successive iterations, which start from step no. 21 and end in step no. 25.
So, this step in fact calculates the radial clearances from the overall def-
lected shapes of the races.

(24) Call subroutine LMAT. This subroutine in turn calls subroutines
DTBN and NPF to form the force matrix of the race tracks as in step no. 20.
The only difference here is that, LMAT in this step takes some mean roller
load distribution of that calculated in this step by DTBN from the radial
clearances of the previous step and that taken in the previous iteration, to
form the force matrix of the race tracks. The mean roller load of either

race, taken at any roller position 'j' is according to the following equation,

{p,. . — AP) + FCTR x P,
P = (i-1),3 Ly J (5.4)
j 1 + FCTR y
where P(i 1),3 is the roller load at position j taken in the previous
] . ' .
iteration and P, . is the roller load at position j found by DTBN in the

1y
present iteration. AP is the constant load subtracted from all the roller

loads (if all of them are loaded) and is given by

- P, ) - (5,5)

AP = FCTRl x (P(i_l), 11~ P, 1
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The factor inside the bracket is the difference in top roller load at
the outer race, between the previous iteration and that found by DTBN
in the present iteration. If AP for any roller position 'j' is greater
than P j1 S° that (P

(i-1), (i-1),3
the minimum value of the roller load. It may be noted that the resultant

- AP) is negative, then, AP is taken as

load of all these mean roller loads is still equal to the radial load.

FCTRL was found to have little influence on convergence and,
hence, taken as zero for most cases. However, the value of FCTR is most
important for convergence, and depends upon the rigidity of the races, being
greater for more rigid races and vice-versa; the best value is found by
trial runs. The value of FCTR (and also FCTRL) used for the different cases
is given in the next two éhapters; from these an estimate of the value for
other cases can be made. '
(25) ‘Calculate the RMS (root mean square) difference in roller load
distribution between those taken in the previous iteration and those found
by DTBN in the present iteration. If it is less than a certain given small
quality (e.g. 1 1lb. for steel bearings) then proceed to the next step, other-
wise return to step no. 21 and repeat the complete procedure.
(26) Print the final results of radial clearances at the different
roller positions, roller load distribution, bearing radial and component
deflections, and the bearing rigidity for all successive iterations. A sample
of this main portion of the computer output is given in the computer program
section.
(26) Call subroutine FORCE to calculate and print the nodal point forces
from the nodal point displacements calculated in subroutine SOLVE and the
stiffness matrices. |
(27) Call subroutine STRESS to calculate and print the element stresses
from the nodal point displacements calculated in subroutine SOLVE and the stress
matrices calculated in subroutine FEM. Return to the main programs
(28) Call subroutine DRAW to draw the deflected and undeflected shapes
of the races using the CALCOMP plotter. Subroutine DRAW calls subroutine
POLE to draw the polar scales.
(29) STOP



72

5.5 SMALLER VERSION OF THE PROGRAM

As stated previously, the main consumption of computer time
required in the program FINEIM is in forming the modified stiffness matrices
. and the intermediate matrices in subroutine MSM. All these matrices are
stored in tape 8, and hence for other investigations of a bearing having
identical races, these matrices may be used directly from tape 8. Also,
if for any reason the computer stops executing the program FINELM after
calling the subroutine MSM, a substantial amount of computer time will be
saved, as the necessary information is stored in tape 8. To use this infor-
mation from tape 8, a smaller version of the program was developed, called
CHOTTO. A listing of this prbgram and a subroutine RWIN of 1t is given
in the computer program section. Subroutine RWTIN reads the data from tape
8 and transfers them to the other tapes. After reading these data, the steps
16 to 29 of the previous section are followed. All the other subroutines
of program CHOTTO are the same as in the program FINELM. Subroutine SOLN
of the program CHOTTO is in link (2,0).

5.6 TYPES OF ROLLING BEARING' THAT CAN BE CONSIDERED

WITH THE PROGRAM

Radial roller bearings having race track width equal to the
length of the rollers have been considered in this study. However, bearings
with tracks wider than the roller length could be tackled with the program,
and also spherical roller bearings, ball bearings etc., can be considered.
All subroutines will be identical, excepting subroutine DRAW. It is nec-
essary only to supply the deformation constants for a single roller and
platens in the equation § = A x PN, so that in step no. 23 the local defor-
mation for the races (which should be always considered as line contact
throughout the entire width) are removed. In the subroutine DTBN the correct
values of the constants for the type of rolling elements under consideration
are to be used, This means that the values of CON1 and AAN1 read in step no.
2 should be for the type of the rolling element and race track used, and the
values of CON2 and AAN2 should be for local deflection (for line contact) for
the mesh used in the race tracks near the contact areas. If this method is
used it may be possible to reduce the number of nodal points near the contact
areas, thus reducing computer time considerably. The values of CON1 and
AAN1 should be determined accurately by experiment, finite-element analysis or

other method, and the values of CON2 and AAN2 by finite-element analysis, using
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the mesh near the contact area.

The subroutine DRAW must be changed as the local deformations
calculated are not the true local deformations of the bearing under con-
- sideration. Two ways of solving the problem are:
(a) remove the local deformations and draw the overall deflected
shapes of the races, which are of greater interest.
(b) find the shape of the local deformations of the race tracks for
the ac_tual rolling element used at diffe;ent rolling element loads. Read
them as data cards and superimpose these local deformations on the overall
deflected shapes as found in (a), considering the rolling element load dis-
tributioﬁ. Interpolation will be necessary to find the local deformations

at intermediate rolling element loads from the data supplied to the computer.

5.7 EQUIVALENT RADIAL. IOAD FOR ANY GIVEN ROLLER LOAD
DISTRIBUTION
From equation (2.69) the dynamic life of a radial bearing &

given by

L = () (5.6)

where C is the basic dynamic capacity of the bearing and Fr is the radial
load. For point contact p = 3 and for line contact p = 4 (ref. 27, 12).
The above equation is valid for an ideal distribution of the load on the
rolling elements; this is the case for bearings havingzeroradial clearance,
rigid races, and low speed of rotation. The bearing life for arbitrary
conditions of load distribution and rotation can be determined from the
equation

pe & (5.7)

P

where P is the so-called equivalent load of the bearing. For radial bearings
the equivalent radial load is denoted by Pr' Equivalent radial load Pr
is that radial load which, under the running conditions used (zero radial
clearance, rigid races, and low speed of rotation) in determining the basic
dynamic capacity, gives a fatigue life equivalent to that of the actual
radial load Fr’ under the actual operating conditions.

Originally the functional relation for equivalent load was given
by Lundberg and Palmgren (26, 27). It is also covered in some detail in

ref. 12. Ref. 44 contains a general method of finding the equivalent load
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for any arbitrary rolling element load distribution, and also considers
some particular cases of commonly occurring rolling element load dis-
tribution.

Appendix 5.3 gives the method of finding the value of non-
dimensional equivalent radial load (Pr/Fr) of a radial rolling bearing, for
an arbitrary rolling element load distribution as in fig. 5.2a. An
estimation of the effect of the rolling element load distribution arising
with different types of housings and shafts on the dynamic life of the
bearing can be made from the factor (Pr/Fr). This factor may thus be used
to relate the 1life of a given bearing in housings, with a given state of
radial édjustment, etc., to that of the 'standard' bearing with rigid races,
zero clearance, etco  Thus values of (Pr/Fr) greater than, equal to, or
less than 1.0, means that the life of the bearing is respectively less than,
equal to, or greater than, the life of a zero-clearance, rigid-race bearing
at low speed, and having the same radial load Fr.

In the next two chapters (Pr/Fr) is plotted for comparison of
the roller load distributions given by the different types of housings.

The values of (Pr/Fr) for the roller load distributions of these chapters
were calculated by the computer using the program EQLOD which was developed
using the theory given in appendix 5.3. Program EQLOD is employed as a
subroutine of program TABLE which is used to analyse and present the bearing
results in a tabular form. A listing of thes2 programs is given in the com-
puter program section.

The increase in life for any radial rolling bearing having equiv-
alent radial load to radial load ratio of (Pr/Fr), compared to a zero-clear—
ance, rigid race radial bearing at low speed of rotation and having the same

radial load Fr is given by the relation

1
Percentage increase in life = [———————- - 1] x 100 (5.8)
(p_sp 3P
rr
For roller bearings (p=4), the precentage increase in life with
(Pr/F ) is shown in fig. 5.2b. This figure may be used to indicate the
n life

increasescorresponding to the (Pr/Fr) values established and given in the

next two chapters.
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CHAPTER 6 COMPUTED RESULTS FOR BEARINGS
WITH FULLY-ELASTIC SUPPORTS, WITH THE
ELASTIC PROPERTIES OF ARALDITE

6.1 . GENERAL

The finite-element program developed in the previous chapter for
radial roller bearings was used here to calculate the deformation of the
Araldite bearing, housing and shaft case used in the experimental work.

The values of Young's modulus and Poisson's ratio taken for all the cal-
culations in this chapter are 2730 1bs/in22 (18.82 MN/m2.) and 0.5 respec-
tively. The deflection constants for an 'Araldite roller loaded between
platens' were found by the finite-element method, these constants being sub-
sequently used in the program for solution of the complete roller bearing.

The results presented in this chapter may be applied with a good
degree of approximation to similar actual steel bearings having similar boun-
dary conditions. The corresponding amount of radial load and radial clearance
can be found taking the value of loaded zone factor € (calculated on the basis
of rigid races) to be the same as for the Araldite case.

The roller load distribution results can be made generally appli-
cable by dividing all the roller loads by the heaviest roller load (peak roller)

for rigid races.

6.2 CALIBRATION OF AN ‘'ARALDITE' ROLLER LOADED BETWEEN TWO

VARALDITE' PLATENS ‘

A program was used which was somewhat similar to the finite
element program for a complete bearing, but in a basic form, simply to cali-
brate the load-deflection behaviour of a single roller loaded between two flat
platens. Listing of this program is not given, However, by eliminating
some of the subroutines of the program FINELM and some other small changes,
the program can be made suitable for this purpose. The load acting on the
roller was distributed at the nodal points at the contact area, assuming a
semi-elliptical contact stress distribution, using a program which was the
same as subroutine NPF of FINELM.- The platen and roller were treated as

separate problems.
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6e2.1 FINITE - ELEMENT MESH FOR CALIBRATION OF ROLLER

AND PLATEN

Fig. 6.1 shows the finite-element mesh for calibration of an
Araldite roller loaded between two Araldite platens. Because of symmetry
only a quarter of the physical model 1s used. The deflection of polints
on the line of symmetry perpendicular to it is Eaken as zero. The platens
are assumed to rest on rigid supports and, hence, deflection of points adjacent
"to the support perpendicular to it is also taken as =zero.

The mesh near the contact area was designed for roller loads
below 10 1lbs. (44,5 N). The semi-width of contact area for 10 lbs, according
to Hertz's formula is 0.049 in. (1.245 mm.). However, the mesh can also be
used for semi width of contact area up to about 0.070 in. (1.78 mm.). The
dimensions of this mesh near the contact area was also adopted for the com-
plete bearing, and are given in figs. 6.5 and 6.6, Though roller locads up to
10 1bs. were used for calibration purposes, in the complete bearing analysls

load was always below 3.0 1lbs. (13N).

6.2.2 CALIBRATION RESULTS

Table 6.1 gives the calibration results for an Araldite roller
and platens, and flg. 6.2 shows these results graphically. Experimental
results for a similar case (for the data given in.table 4.3), and the total
deflection given by Palmgren's formula, are also plotted.

In chapter 4 the deflection of the platens and the total assembly
were taken with respect to two points 0.15 in. (3.81 mm.) on each side of the
centre of the contact area. Thus in those results the deflections of the
two points were not included, and hence were slightly smaller than the true
total deflections. The reasons for doing this were given in section 4.6.1.

The effect of neglecting the deflections of the datum points
(points A in the figure given below table 6.1) was found in the calibration
of roller and platen by finite element method. The plateh deflection
(6C - 6A) with respect to the datum point A obtained by finite element method,
and the total deflection based on this platen deflection, are also glven in
table 6.1, C beiné the point at the centre of contact area. FPig. 6.2 shows
that platen deflections (6C - aA) and roller deflections, obtained by experi-
ment and finite-element method, agree quilte well, Also the total deflection
by finite-element method, given by the approach of the two platens, agrees

closely with the deflection given by Palmgren's formula. These indicate that
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the experimental results for total deflection given in fig. 4.9 (for width
of platen = 0.45 in.) would agree more closely with the values given by
Palmgren's formula, if the deflection of the datum points A were included.

The values of the constants A and N for a curve of the form,

= A x PN
fitted by the method of least squares to the values of roller, platen and
total deflections, are also given in table 6.1. The subscripts 1 and 2 of
A indicate the value of the constant for one and two contact areas respec-
tively. The values of A and N for total and platen deflection are used in
the computer program FINELM (as the values of CON1l, AANl and CON2, AAN2 res-
pectively) for solving complete Araldite roller bearing problems.

The effect of platen curvature on its deflection under roller load
was also studied by using the finite-element method. The results of platen
deflections for a flat platen, a platen with concave surface having radius
1.5 in. (38.1 mm., equal to the outer race radius), and a platen with convex
surface having radius 1.2 in. (30.48 mm., equal to the inner race radius) are
given in table 6.2. With a concave surface deflection is slightly smaller
tﬁan for the flat platen, due to a slightly greater width of contact area,
and for a convex surface it is slightly larger. Thus the total deflection
given by the approach of two platens, one concavé and the other convex will
be very nearly .the same as the total deflection for flat platens.

The deflected shape of Araldite roller and platen assembly, as
obtained by finite element method for a load of 5 lbs. (22.2 N), is shown
in fig. 6.3.

6.3 FINITE - ELEMENT MESH FOR 'ARALDITE!' RADIAL ROLLER

BEARING WITH HQUSING AND SHAFT

Fig. 6.4 shows the mesh for the Araldite radial roller bearing in
héusings. Figs. 6.5 and 6.6 show the detail of the mesh near the contact
areas in the outer and the inner races, respectively.

The number of elements and nodal points in the ‘integralffgﬁa inner

race ring, and the 'integral' housing and outer race ring are given in the

following table,

No. of nodal points No. of elements

Inner race ring and shaft 385 582

Outer race ring and housing 421 642
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The co-ordinates of nodal points near the contact areas were
calculated using a program developed for this purpose (listing of which
is not given here), Nodal points at the other relatively coarse regions
were found manually by plotting these regions on large scale graph paper.
The computer data cards for element nodal point numbers and nodal point
co-ordinates were checked by plotting the complete mesh with the computer
calcomp package, using a program (MESH) developed for this purpose. A
listing of this program is given in the computer program section,

The amount of play or interference in the bearing was varied by
changing the diameter of the rollers, thus keeping the mesh of the bearing
outer and inner race the same for all these variations.

: The thickness of housing and race rings are 0,45 in. (11.43 mm.,

i.e. equal to the length of rollers). The thickness of shaft (i.e. core of

the inner race) for most of the cases is 0.9 in.

6e3.1 CODING OF THE ARALDITE RADIAL ROLLER BEARINGS
To represent in compact form the configuration of the bearing
housing and shaft and the amount of clearance and relief in the bearing, a

coding system is followed, a typical example being:

Stands for Sign of Type of
roller bearlng clearance inner race
Amount of radial clearance
RN+110603 in thou.

Amplitude of relief in
Type of the outer race in thou.
outer race

Represents the

thickness condition

of the inner race core

If any quantity is a variable, the corresponding characters are
replaced by 'x'. The second letter represents the thickness condition of
the inner race core (i.e. shaft). If it is 'BE', it represents that the
core thickness of inner race is equal to the length of the rollers (i.e.
0.45 in.). If it is 'N', it represents that the core thickness of inner

race is not equal to the length of the rollers, and the core thickness is
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actually specified for the different cases. If the second character is
'N' and no core thickness is specified then the core thickness is 0.9 in.,
{(22.86 mm. ). 'N' and 'E' are used as the second character only for
Araldite bearings, so their presence also indicates that the bearing
material is Araldite.

For Araldite bearings only one type of outer race and one type
of inner race have been used. They are:

Outer race no. 1 is in the form of a plate and resting on a rigid support.

Outer race ring radial thickness is 0.062 in. (1.58 mm.).
" Inmner race no. 1 is composed of a solid shaft and race ring (radial thickness

is 0.062 in. (1.58 mm.)). .

6.4 COMPARISON OF FINITE ELEMENT — RESULTS FOR COMPLETE

BEARING WITH THE RESULTS OBTAINED BY EXPERIMENT AND

THEORY _

Table 4.8 gives the experimental results obtained compared with
calculated load distribution, based on assumptions of fully elastic races
(finite-element analysis), and also the 'rigid race' condition. These
results are also shown plotted in fig. 6.7. The bearing under consideration
has radial clearance of ¢ = -0.010 in. (0.254 mm.) and a radial load of 9.5
1bs. (42.26N). The theoretical load distribution assuming rigid races is
considerably higher than the actual experimental load distribution. The
results of experiment and of finite-element analysis are in good agreement.

Figs. 4.23(a)vand 4.24(a) show Talyrond charts of the outer and
inner races respectively of the Araldite experimental model of the above
bearing. Figs. 4.23(b) and 4.24(b) show the Calcomp (graph plotter) traces
of computed deflected shape, of outer and inner races respectively, for the
same bearing obtained by finite-element analysis. The inner circle in fig.
4.23(b) and outer circle in fig. 4.24(b) represent the undeformed shape of
the outer and inner races respectively. Note that the difference in effective
'size' of the Talyrond and computed plots are not significant, due to the
indefinite 'zero' setting of the Talyrond, hence the important aspect of com-
parison 1is the shépe. Good agreement is evident between the deflected shapes
obtained by experiment and by finite-element analysis.

Table 4.7 shows the comparison of total and component deflection
of the bearing under consideration obtained by theory assuming rigid races,
by experiment, and by finite-element analysis. The deflections of inner

and outer races by experiment and finite-element analysis agree quite closely.
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The body deflection of outer race obtained by finite-element analysis is
larger than that obtained by experiment. The difference may be due to
the friction between the housing and the rigid support present in the actual
case, but which is not considered in the finite-element analysis. Fig. 6.8
shows the deflected shape of the housing outer boundary for the same bearing
as obtained by finite element analysis. The deflection at base will be
restricted to some extent, if there is friction between the housing and the
support. Thus, if friction is considered in the finite-element analysis
(which can be done if the co-efficient of friction is knownj, the body

deflection of outer race would be smaller than the value given in table 4.7.

6.5 EQUIVALENT THICKNESS OF THE INNER RACE CORE (i.e. THE SHAFT)

The significance of equivalent core thickness arises from the fact
that all the parts, including the shaft, are considered to be in plane stress
condition (provision for considering plane strain condition is present in the
program FINELM), In fact, the inner race core will be subjected to a three-
dimensional stress distribution. The inner race core (i.e. the shaft) is con-
sidered as a disc of a certain thickness, this 'equivalent core thickness!'
being defined as that value which, when éubjected to plane stress condition,
gives minimum RMS (root mean square) error in the roller load distribution as
compared to actual case (i.e. when the core is subjected to three dimensional
stress distribution). The effect of varying the core thickness on the
bearing is shown in table 6.3, case nos. 2 to 6. i

The experimental roller load distribution obtained is considered
here as the actual roller load distribution. If the inner race core thick-
ness is taken to be equal to the length of the rollers, the level of roller
load distribution is lower than that obtained by experiment or, in other words,
all the rollers carry comparatively lower load in finite-element analysis. The
level of load distribution rises slowly (and the RMS error decreases), as the
inner race core thickness is increased. Fig. 6.9 shows the variation of
RMS error and also the average error with respect to experimental results, with
the inner race core thickness for an Araldite radial roller bearing with the
same radial clearénce and load as ih the experiment. If average error in
roller load distribution were the criterion, the equivalent core thickness
would have been 1.94 times the length of the rollers (where the average error
is zero). After an initial increase in the core thickness, the change in RMS

error is very small. The lowest RMS error in roller load distribution is
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0.062 1bs. at nearly the same core thickness at which the average error is
ZEero. The range of inner race core thickness is 1.6 to 2.4 times the length
of rollers if the RMS error is increased to 0.065 1lbs.(i.e. a 5% increase
from the minimum RMS error). From the above discussions the equivalent

core thickness of the inner race was taken as twice the length of rollers,

i.e. 0.9 in. (22.05 mm.).

6.6 CONVERGENCE OF ROLLER LOAD DISTRIBUTION

For all the Araldite radial bearing casesstudied, the value of
FCTR and FCTRl was taken as 1.0 and 0.0 respectively. A typical example of
the rate of convergence for an Araldite bedring is given in fige. 6.10. Two
convergence curves are shown, one for the RMS error in roller load distri-
bution with respect to the final iteration result, and the other to the RMS
error in roller load distribution-between successive iteration results (the
latter is used as the criterion for convergence in the program FINELM). The
RMS error first decreases rapidly with increase in the number of iterations,
thereafter convergence is much slower.

Iteration is stopped in program FINELM for Araldite bearings when
the RMS error in roller load distribution between successive iterations is
lower than about 0.05 to 0.01 1lbs., depending on the radial load (the higher
value being used for higher radial loads). The number of iterations required

for the majority of cases was 3.

6.7 RESULTS AND DISCUSSION FOR ARALDITE RADIAL ROLLER BEARINGS
The summary of results obtained by finite element analysis for
Araldite radial roller bearing cases studied are given in table 6.3.

Factors Kt and Kb are defined as,

total radial bearing deflection considering fully-elastic races
t 7 total radial bearing deflection assuming rigid races

-
I

_ body deflection of outer race considering fully-elastic races
Kb ~ total radial bearing deflection assuming rigid races

The values of Kt and Kb were calculated fromthe finite-element
results and plotted for different cases of housing and shaft in this and the
next chapters. From the bearing deflection of a radial roller bearing with
rigid races, calculated by any of the methods given in chapter 2, or deter-

mined from the nomograms in chapter 3, an estimate of the actual bearing
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deflection for fully elastic races can be made, for the type of housing
and shaft used, from these values of Kt and Kb'

It should be noted that Kt includes Kb’ and thus if only the
bearing deflection (i.e. without the body deflection of the outer race) is

required then Kb should be subtracted from K The body deflection of the

t.
outer race depends mostly upon the radial load and size of the housing and
adjoining parts. For sizes other than those investigated, Kb (and hence

Kt) should be re-considered.

6.7.1 THE EFFECT OF RADIAL CLEARANCE AND RADIAL LOAD ON

BEARING WITH FULLY-— ELASTIC ~RACES

Figse. 6.11 and 6.12 show the deflection for an Araldite radial
roller bearing. The values of Kt and Kb arc given in figs. 6.11 and 6.13.
Non-dimensional equivalent radial load (Pr/Fr) is given in figs. 6.14, 6.15
and 6.17. The effect of fully-elastic races on the peak roller load is
given in fig. 6.16. Figs. 6.18 and 6.19 show the roller load disﬁribution
in the bearing for different radial loads and radial clearances.

The effect of varying radial clearance (c) on the deflected shapes
of races at a particular radial load is shown in figs. 4.23b, 4.24b, 6.31, 6.32
and 6.34. The effect of varying radial load on deflected shapes of races at
c = -0.006 in. is shown in figs. 6.30 and 6.31, and at ¢ = +0.003 in. in figs.
6.33 and 6.34. The circle within the deflected shape of outer race, and
that outside the deflected shape of the inner race in each of the above
figures, represents the undeflected shapes of the respective races.

Fig. 6.18a shows the roller load distribution in the bearing for
a constant radial load, at different radial clearances. Three distinct effects
of fully elastic races are shown in this figure:
(A) . For highly preloaded bearings, when all the rollers are loaded, e.g.
for radial clearances, ¢ = -0.010 in. (0.254 mm.) the actual roller load dis-
tribution is lower than the theoretical distribution obtained by assuming
rigid races. This is due to the expansion of the outer race and the shrinkage
of the inner race by the roller loads, as may be seen in figs. 4.23b and 4.24b
(and also in fig. 6.30 which is for ¢ = -0.006 in. and Fr = 4 1bs.)e.
(B) Due to the rigid support of the housing and component of roller
loads perpendicular to the radial load, the deflected shape of outer race
tends to be elliptical with the major axis perpendicular to the radial load

as may be seen in figs. 4.23 and 6.31. The roller load distribution curve
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is thus 'peakier' for fully elastic races than for rigid races, as may be
seen from the curve for ¢ = -0.006 in. (0.152 mm.) of fig. 6;18a. The
peak roller load for ¢ = -0.003 in. (and Fr = 9.5 1lbs.) is actually higher
than the peak roller load considering rigid races. This effect is greater
for preloaded bearings, as the rollers at 90° to radial load carry larger
load.

(c) For positive clearance bearings with large radial load only

a few rollers near the peak roller carry load. So the effect given in (B)
is small and -the outer race deforms more in the direction of radial load,
as may be seen from fig. 6.34. The load distribution for elastic-races is
therefore less 'peaky' than for rigid races, as may be seen from the curve
for ¢ = +0.006 in. (0.152 Tm.) of fig. 6.18a.

The above effects can also be observed to some exXtent when the
radial clearance is kept constant and the radial load is varied as in figs.
6.18b, 6.19a and 6.19b. The first two fiqures show the effects discussed
in (A) and (B), and the last figure shows the effects discussed in (B) and
(C)e  The expansion of the outer- and shrinkage of the inner-race in the
preloaded bearing, as discussed in (A), tends to relieve some of the preload
in the bearing. In figs. 6.18b and 6.19a the point of intersection of the
dotted curves (for rigid races) near 90° roller position shows the theoretical
preload, but the effective preload is shown by the point of intersection of the
solid curves (for fully elastic races) near 90° roller position and depends
on the rigidity of the outer and inner races.

The factor (PlZ/Fr), where P. and Z are the peak roller load, and

number of rollers in the bearing respectively, depends on the extent of loaded
zone factor (€), as shown in chapters 2 and 3 for rigid races. It was found
that (PlZ/Fr) for fully elastic races also depends to some extent on € (cal-
culated assuming rigid races from equation 2.43). The variation of (PlZ/Fr)
for both rigid and fully-elastic races is shown in fig. 6.16. The difference
between the two curves in regions A, B and C is due to the effects discussed
in (A), (B) and (C) respectively.

Fig. 6.14 shows the variation of non-dimensional eduivalent radial
load (Pr/Fr) with radial clearance at a radial load of Fr = 9,5 1bs,. Both
the curves for rigid and fully-elastic races are shown. The curves in general
show that (Pr/Fr) decreases rapidly with reduction in interference in the

" bearing, due to reduction in the preload component of the roller loads. With

further reduction in interference, (Pr/Fr) becomes less than 1.0 and attains
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a minimum, due to more even roller load distribution compared with rigid
race zero clearance bearing. With any further reduction in interference,
and then with increase in positive clearance, (Pr/Fr) increases due to
increase in the 'peakiness' of roller load distribution.

The difference between the two curves for rigid and fully-elastic
races is the following,

(a) for c<-0.0045 in., (Pr/Fr) for fully—elastic races is less, due to

lower level of roller load distribution as discussed in (A).

(b) in the range -0.0045 in.<c<+0.0028 in., (Pr/Fr) for fully-elastic races
is higher, due to 'peakier' roller load distrikution as discussed in (B).

(c) for c> +0.0028 in., (Pr/Fr) for fully-e lastic races is lower due to less
'peaky' roller load distribution as discussed in (C).

(Pr/Fr) for rigid races is less than 1.0 at F. = 9.5 1bs. in the range of

¢ = 0 to -0.005 in. but, for fully-elastic races and the type of housing under
cohsideration, the range is shifted to ¢ = ~0,0018 to -0,0063 in. It may be
noted here that, (Pr/Fr) greater than, equal to, or less than 1.0, mean that
the dynamic life of the bearing is respectively less than, equal to, or greater
than the dynamic life of a rigid race zero clearance bearing.

Fig. 6.15 shows the variation of the non-dimensional equivalent
radial load (Pr/Fr) with radial load at different radial clearances, for both
rigid and fully-elastic races. The explanation of the differences between
the corresponding curves for rigid and fully elastic races is similar to that
discussed in (A), (B) and (C). The curves, excepting those for zero clearance
bearings, show that (Pr/Fr) decreases with increase in radial load. For pre-
loaded bearings (Pr/Fr) decreases rapidly with increase in radial load, mainly
due to reduction in load of the top half of rollers. For positive clearance
bearings (Pr/Fr) decreases with increase in radial load due to more uniform
roller load distribution as more and more rollers become loaded. For zero-
clearance bearings (Pr/Fr) remains constant for rigid races, and almost constant
for fully-elastic races, with increase in radial load.

The values of the non-dimensional equivalent radial load of figs.
6.14 and 6.15 can be generalised as in fig. 6.17. This shows that (Pr/Fr) for
rigid races depends on the extent of loaded zone factore€ . (Pr/Fr) for fully-
elastic races also is found to depend to a large extent on € which is cal-
culated on the basis of rigid race assumption. The difference petween the
curves for rigid and fully-elastic races can be explained in the same way as

for fig. 6.14, using the effects discussad in (A), (B) and (C). Fig. 6.17
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has also similar regions A, B and C as in fig. 6.16, though they are not
in the same range of € . The ratios of (Pr/Fr), presented in fig. 6.17,
may also be expected in similar actual steel bearing applications having
similar boundary conditions.

Fig. 6.11 shows the variation in the total radial and component
deflections of the Araldite radial roller bearing with radial clearance,
at a radial load of 9.5 lbs. The radial deflection, (ar) for fully-elastic
races is considerably larger than 6r for rigid races. However, both the
curves have similar shapes. The main increase is due to the body deflection
of the outer race (ab). The outgr race deflection for fully elastic races
(aor) is larger than the inner race deflection (Bir) for fully-elastic or
rigid races. air for fully-elastic races is nearly of the same order of
magnitude as 6ir for rigid races.

Fig. 6.12 shows the variation in the total radial and component
deflections of the bearing with radial load at different radial clearances.
Though the radial deflection (ar) curves for flexible races run considerably
above the corresponding 6r curves for rigid races, they have more or less
similar shapes. The body deflection of the outer race (6b) increases almost
linearly with radial load. The outer race deflections (6or) are larger than
inner race deflections (air) at all radial loads for fully-elastic races, and
both deflections (6or and 6ir) for positive clearance are higher than for zero
clearance. Race deflections for preloaded bearings are higher than for zero
(or positive) clearance, due to the preload component of radial load, up to a
certain load, after which the deflections become smaller,

The values of Kt and Kb are given in figs. 6.11 and 6.13. Kt and
Kb lie in the ranges of about 1.4 to 1.95 and 0.2 to 0.64 respectively, depen-

ding on radial clearance and radial load. Similar range of K, and Kb may also

be expected in resembling steel bearing applications having siiilar boundary
conditions. Kt curves for preloaded bearings in both the above figures show
a peak, due to the difference in radial clearance (in fig. 6.11) and radial
load (in fig. 6.13), between fully-elastic and rigid race cases, at which
the top roller is released. The variation in Kb for preloaded bearings is
mainly due to the variation in ar for rigid-race bearings. The variation

in Kt and Kb for zero or positive clearance bearings is very much smaller than

that for preloaded bearings.
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6.7.2 THE EFFECT OF ROTATIONAL SPEED ON BEARING WITH FULLY -

ELASTIC RACES

The range of shaft speeds has been deliberately chosen to be
large, to give centrifugal force of rollerto maximum roller load ratios
larger than normally occurs in actual steel radial roller bearing applications.

The effect of shaft speed on bearing radial and component deflec-
tions, and non-dimensional equivalent radial load, are shown in figs. 6.20
and 6.21 respectively. Figs. 6.22 and 6.23 show the effect of shaft speed on
roller load distribution. The deflected shapes of races for a bearing with
prelcad and a bearing with zero clearance are shown in figs. 6.35 and 6.36
respectively.

In a preloaded, bearing with all rollers loaded, increasing the
shaft speed causes an increase in roller load at the outer race, and a de-
crease at the inner race, as may be seen from fig. 6.22a. The difference in
roller loads at the outer and inner races is of course equal to the centrifugal
force of the roller. The changes in load at the races cause an increase in
outer race diameter, and a decrease in the shrinkage of inner race. This may
be seen by comparing the deflected shape of the races of a preloaded bearing
at high speed in fig. 6.35, with that at static condition in fig. 6.30. As
the inner race (which in this case is solid) is stiffer than the outer race,
the reduction in shrinkage of the inner race is less than the expansion of the
outer race, As a result the effective preload in the bearing decreases with
increase in speed as can be seen from fig. 6.23b, which gives the roller load
distribution at the inner race. As the shaft speed is increased, the level
of roller load distribution at the inner race decreases, and if all the
rollers are loaded at static condition some of the top rollers may be released
at the inner race with sufficient increase in speed. If the preload in the
bearing is small at static condition, the bearing may have positive clearance
at sufficiently high speed.

For zero or positive clearance bearings also, the roller loads at
the outer race are increased due to the centrifugal force of the rollers, as
may be seen from fig. 6.22b. - This tends to expand the outer race diameter as
may be seen by comparing the deflected outer race shape at high speed in fig.
6.36 with that at static condition in fig. 6.32. The bearings in both of
these figures have the same radial clearance (zero) and the same radial load.
The roller load at the inner race is changed only slightly, compared with the
increase in roller load at the outer race, and hence, the shape of tne inner

race is almost unchanged as may be seen from the deflected shapes of inner
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race in the above figures. The expansion of the outer race tends to in-
crease the clearance in the bearing, and hence tne peakiness of roller load
distribution, as can be seen in fig. 6.23a.

Fig. 6.21 shows the effect of shaft speed on non-dimensional
equivalent radial load (Pr/Fr)' For the preloaded bearing, where for 'most
of the speed range all the rollers are loaded, (Pr/Fr) decreases with in-
crease in speed due mainly to the decrease in preload. The curve for the
preloaded rigid-race bearing is higher than that for fully-elastic races,
due to the higher actual prelocad. For the zero-clearance bearing, (Pr/Fr)
increases with speed, due mainly to the increase in roller loads at the outer
race, The curve for thé rigid race zero clearance bearing is below?%ully
elastic case, because of the less peaky roller load distribution for the rigid
race bearing, as shown in fig. 6.22b.

Fig. 6.20 shows the effect of shaft speed on the total radial
and component deflections of the Araldite bearing. For the preloaded bearing
the radial deflection (6r) for rigid races remains unchanged with speed. For
flexible races 5r decreases slightly with increase in speed and then starts
increasing slowly as the top rollers are released at the inner race. For the
zero clearance bearing 6r increases with speed. The increase is more rapid
for fully-elastic races than for rigid races. The body deflection of outer
race (6b) for both preloaded and zero ciearance bearings decreases with in-
crease in speed and the decrease for zero clearance is more than that for
preload. For both preloaded and zero clearance bearings the ocuter race def-
lection (bor) increases with increase in speed due to the increase in roller
loads. The increase in 6or for zero clearance bearing is greater due to the
increase in the 'peakiness' of roller load distribution. The inner race def-
lection (bir) for the preloaded bearing decreases with increase in speed due to
the decrease in the roller loads at the inner race. For the zero clearance
bearing 6ir increases with increase in speed due to the increase in the 'peak-

iness' of roller load distribution.

6763 THE EFFECT OF RELIEVED OUTER RACE ON BEARINGS WITH

FULLY — ELASTIC RACES '

It was shown in the previous sections that the major axis of def-
lected outer race shape for bearings with low clearance is perpendicular to
the direction of the radial load, due to the rigid support of the lower edge

of the housing. This makes the roller loaidistribution peakier. This is
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true for many other types of housing. It is possible for these housings,

and also for bearings having housing with high rigidity, to modify artificially
the roller load distribution to obtain a better bearing performance. This

is done by relieving the outer race in the direction of action of the radial
load, so that the rollers in this direction carry less loade. With the approp-
riate shape and amount of relief, a more uniform roller load distribution is
obtained. Two types of relieved cuter race shapes have been investigated:

(a) Tri-lobed relief: The outer race has three uniformly spaced lobes,

one being in the direction of radial load. Curve 4 of fig. 6.24a shows the
shape of the outer race on a magnified scale for this type of relief.

(b) Bi-lobed relief: 1In this case the bearing outer race has two

lobes, onein the direction of the radial load and the other diametrically
opposite to it. Curve 4 of fig. 6.24b shows the shape of the outer race on a
magnified scale for this type of relief.

The relieved shapes of the outer race were designed so that they
can be machined easily. The procedure of obtaining the relief in the outer
race is shown in fig. 6.24. The final and the intermediate shapes drawn in
this figurevare according to the results obtained by the calculation procedure
given in Appendix 6.1. Outer race relief is produced as follows:

(1) ' For tri-lobed or bi-lobed outer race relief, the outer race ring

is held in a three jaw or four jaw chuck, respectively.

(2) All three jaws in case of three jaw chuck, and only two opposite
Jjaws inAcase of four jaw chuck, are tightened until the radial height difference
between the peak and the valley of the deflected outer race shape is equal to
the amplitude of relief desired. The remaining two jaws of the four jaw chuck
are then used only to lightly locate the ring in position without applying
appreciable load. Care must be taken to ensure that the centre of the deflec-
ted shape coincides with the axis of the machine tool spindle.

(3) The deflected cuter race track is machined to a circular form just
touching the valleys of the deflected outer race.

(4) On removal the outer race ring springs back to the original form,
producing the desired relief at outer race track.

The effect of relieved outer race on bearing radial deflection
and equivalent radial load is‘given in figs. 6.25 to 6.27, and on the roller
load distribution in figs. 6.28 and 6.29. The deflected shapes of races
for two tri-lobed relief cases are given in figs. 6.37 and 6.38 and for a

bi-lobed relief case in fig. 6.39.
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Fig. 6.28a shows the roller load distribution in three Araldite
radial roller bearings having radial clearance, c = —0.006 in. (0.152 mm. ),
one with no outer race relief and the other two with tri-lobed and bi-lobed
outer race relief having amplitude of 0.003 in. (0.076 mm.). This fiqure
shows that bearing with relieved outer race gives more uniform roller load
distribution. Of the three cases given, the bearing with tri-lobed relieved
outer race gives most uniform roller load distribution.

Fig. 6.29a and b give the comparison of roller load distribution,
at different radial loads, between Araldite bearings with tri-lobed and bi-
lobed outer race relief of amplitude 0.002 in. (0.051 mm.), and with no outer
race relief. All the béarings in these figures have radial clearance of c =
-0,006 in. (0.152 mm.)s. These figures also show that tri-lobed relief gives
the best roller load distribution at all the radial loads. The deflected
shapes of races for bearings with tri-lobed and bi-lobed relief in the outer
races having the radial clearance and amplitude of relief as above at a radial
load of 9.5 1lbs. (42.26 N) are given in figs. 6.37 and 6.39 respectively. The
inner curves in the outer race deflected shapes show the initial shape of races
on a magnified scale (which is not the same as the scale’given in these filgures
for the deflection). The deflected shapes of the outer race are drawn with
respect to these initial shapes. The influence of outer race relief on the
deflected shapes of races can be seen by comparing these figures with fig.
6.31. )

The roller load distribution obviously depends on the amplitude of
race relief. Thus for relatively large relief amplitudes and low radial loads,
the maximum load may be carried by some roller other tnan the normal 'peak!
roller (in line with the radial load) as snown in fig. 6.28b. The nature of
the roller load distribution for the bearing in this figure at a.radial load
of 4 1bs. (17.8 N) can be inferred from the deflected shapes of races given
in fig. 6.38.

For a low preloaded or positive clearance bearing, at a relatively
large amplitude of relief and small radial load, the (two) peak loads now
occurring due to race relief may adversely affect the life of the bearing.

It is important, therefore, to ascertain the correct amplitude of relief.,

Fig. 6.25 shows‘the effect of the amplitude of relief on the radial
deflection and non-dimensional equivalent radial load. In general, radial def-
lection (ar) increases, and non-dimensional equivalent radial load (Pr/Fr) de-

creases, with increase in relief amplitude, within the range considered. For
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radial clearance, ¢ = -0.01 in. (0.254 mm.), the factor (Pr/Fr) decreases
rapidly with increase in amplitude of relief, due mainly to the reduction
of the preload component of roller loads at the relieved parts of the bearing
track. Por this clearance the radial deflection is lower for tri~-lobed
relief case at any amplitude of relief, at the cost of higher (Pr/Fr)’ com-—

pared to bi-lobed relief case. At radial clearance, c,= -0.006 in. (0.152mm.)

|
both radial deflection and (Pr/Fr) are lower for tri-lobed case at any ampli-
tude of relief, compared to the bi~lobed case. This shows the distinct
advantage of tri-lobed relief. From the bolt and spacer analogy of radial
roller bearings given in chapter 3 (figs. 3.3 and 3.4) it can be shown that
radial deflection of the preloaded bearing with tri-lobed relief will be lower
(mainly due to higher stiffness of the upper half of rollers) than that of

the bearing with bi-lobed relief.

Fig. 6.26 gives a comparison between Araldite bearings with prelcad
and race relief, and a bearing having only preload. The bases of comparison
are non-dimensional decrease in radial deflection, and non-dimensional
decrease in equivalent radial load, compared with a bearing with fully elastic
races having zero clearance and no relief (RN-110000). Considering the curves
for bearings without relief and having radial clearances, ¢ = -0.006 in.

(0.152 mm.) and ¢ = -0.004 in. (0.102 mm.), it is seen t?at up to a radial

load of 11 1bs. (48.9 N), the radial deflection for the former case can be
decreased further only at tbe expense of (Pr/Fr). After this load the de-
crease in radial deflection for the former case is greater, and also the de-
crease in (Pr/Fr) is slightly greater than the latter case (having ¢ = -0.004in.).
The bearings (RN-110602) with amplitude of relief of 0.002 in. (0.051 mm.) and
radial clearance ¢ = -0.006 in., have the actual radial clearance at a different
roller position, which varied between ¢ = -0.006 in. to ¢ = -0.004 in. So

it might appear that the curves for RN-110602 should lie somewhere between the
curves discussed above (for bearings without relief). Considering the bearing
with tri-lobed relief the decrease in radial deflection curve lies between

them, but the curve for decrease in (Pr/Fr) for radial load above about 6.1 1lbs.
is well above the curves for the bearings with no relief. Thus considering

the bearing (RN-110400) having radial clearance ¢ = -0.004 in. and no relief,

it is possible to reduce radial deflection and (Pr/Fr), by having bearing with
the correct amount of preload and amplitude of tri-lobed relief. It is inter-
esting to note that it is possible to reduce (Pr/Fr) by increasing the preload

alone, even when the radial deflection is decreased. This can be seen from
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the curves for bearings without relief above Fr = 11 lbs. However, the
decrease in (Pr/Fr) in this case is much smaller than that obtained for
bearing with tri-lobed relief.

Similar arguments apply for the case of the bearing with bi-
lobed relief (RN~110602), but in this case the decrease in radial deflection
and (Pr/Fr) is smaller than is possible with tri-lobed relief case, and
hence bi-lobed relief is a less attractive proposition.

From the equivalent radial loads ca}culated and given in table
6.3, it is possible to compare (Pr/Fr) and hence the percentage increase in
bearing dynamic life, as compared with a zero clearance rigid race bearing
having no relief (RN-110000) at the same radial load. From this table it is
found that the minimum value of (Pr/Fr) among the none, tri-lobed and bi-lobed

relief cases considered occurred at the following condition:

Bearing Amplitude Radial Radial {Minimum | Percentage increase in life
Type -tand type of {Clearance Load,Fr (Pr/Fr) compared with a zero clearance
relief {(in. (in.) (1b.) rigid race bearing having no
‘ relief (RN-110000) at the
same F
r
RN-110600 None —0.006 12.0 {0.9801 8.35%
RN-110604 0.004 =0.006 9.5 0.9558 19.8%
(tri-lobed)
RN-110603 | 0.003 —~0.006 9.5 }10.9674 14.17%
(bi-lobed) )

The percentage increase in life given above for the different cases
appears to be at or near the ceiling attainable for the correéponding cases.
Thus the perc?ntage increase in life possible is maximum for the bearing having
tri-lobed outer race relief, with the appropriate amplitude.

‘Fig. 6.27 gives the non-dimensional decrease in radial deflection
and equivalent radial load for an Araldite radial roller bearing having radial
clearances, ¢ = =~ .0,010 in. (0.254 mm.) and ¢ = 0 in. for diffeii?f:ﬁﬂﬁ%f%ﬁﬁii%
of relief. Up to the range of load (12 1lbs.) of the fiqure, (Pr/Fr)Adecreases
with increase in load, but the actual advantage of relieving starts to appear
only at the end of the scale. Relieving a zero clearance bearing (or positive

clearance bearing) by the proper amount, decreases (Pr/Fr) to some extent through-

out the range of the radial load scale. However, the radial deflection of a
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zero or positive clearance bearing is higher than for a preloaded bearing, and
relieving the races increases the deflection still more.

Thougﬁ the life of the bearing is increased (or the capacity is
increased for the same life) and the deflection can be decreased by proper
choice of preload and amplitude of relief, bearing relief has two main practical
difficulties:

(1) | The relieved bearing can be used effectively only if the direction
of radial load is the same or varies only by a small amount: the radial load
should act in the direction of a lobe. If the direction of radial load en-
croaches on, or acts in a direction between two lobes, it will very adversely
affect the dynamic life of the bearing due to very much peakier roller load
distribution.

(2) The other difficulty concerns assembly. In an actual steel bearing
application the amplitude of relief would be only a fraction of a thousandth of
an’inch. Thus the position of the lobes would be virtually invisible, and
would ha&e to be marked and carefully assembled with respect to the eventual
loading direction on the bearing.

It will be shown in the next chapter that with some housings it
may be possible to arrange that the deflécted shapes of the races approximate
to the forms of relief discussed in this section, and the foregoing consider-
ations will then apply in that case also. For example, the deflected shape
of the outer race may approach tri-lobed relief, if acircular housing of suitable

wall thickness is supported with diagonal cruciform ribs.

6.7.4 THE EFFECT OF PARABOLIC SHEAR STRESS DISTRIBUTION 1IN

THE INNER RACE

The external load applied on tPe shaft is transmitted at any cross
section as shear stress. The shear stress distribution from elementary beam
theory is parabolic due to the variation of bending moment along the length of
the shaft. In the finite-element model for the Araldite radial roller bearing
the external load was applied on the shaft as uniform shear stress distribution.
The results presented so far are obtained on this basis. However, the effect
of parabolic shear stress distribution on the bearing was also studied, case
no. 73 of table 6.3 representing this situation. This may be compared with
case no. 7 of the same table, in which the inner race shear stress distribution
is uniform. The difference in roller load distribution, and bearing radial
and component deflections between the two cases is insignificant. Furthermore,
no noticeable difference was observed in the deflected shapes of the races for

the two cases.
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CHAPTER 7 COMPUTED RESULTS FOR BEARINGS
WITH FULLY-ELASTIC SUPPORTS, WITH THE
ELASTIC PROPERTIES OF STEEL

7.1 GENERAL

The procedure used to investigate the effect of the supporting
structure (i.e. housing and shaft) on the steel radial roller bearing chara-~
cteristics by the finite-element method is the same as that developed in
chapter 5. However, one major difference between the housings used in this
chapter and that used in chapter 6 (for Araldite bearingsj is the method of
support of the housings themselves. The housings of chapter 6 rested on a
rigid support, whereas in this chapter, for most of the cases, the housing is
considered to be the end wall of a cantilevered box structure, thus the
somewhat artificial rigid boundary condition of the former is replaced by
a ‘more realistic assumption.The finite—element mesh developed and reported
in this chapter for the housing can be used to investigate a large number of
types of housings, although certain typical configurations were chosen for
investigation here. The effect of hollowness of shaft was also considered.
Shear-stress distribution in the outer races(where necessary) and inner

races, for the cases considered in thils chapter, are parabolic.

7.2 CALIBRATION OF ROLLERS ON PLATENS

In section 2.9.1 it was found that, the maximum rolling element
load Pmax at basic static capacity for the roller bearing dimension chosen
in section 2.2 is 2185 1bs. (9.73 kN) considering the inner race (which is
weaker). Fig. 2.2 gives the width of contact area 2b for this load to be
0.015 in. (0.38 mm). The finite-element mesh for 'calibration' of steel
rollers between flat platens shown in fig. 7.1 was designed taking the maximum
width of contact area, 2b to be 0.020 in. (0.51 mm). However, a width of
contact area some.what greater than 0.020 in. can also be considered with the
mesh. The contact area mesh was made continuous and compatible with that for
the complete bearing, and the dimensions for this region are given in figs.
7«4 and 7.5. The width of contact area taken is as given by Hert;s formula.
Table 7.1 gives the results for total deflection, given by the approach of
the two flat steel platens when a steel roller is loaded between them and,
also, roller and platen deflections as obtained by the finite-element method.

These results may be compared with the results given by the different formulae,
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given in table 2.,2. The finite-element results and also the results given
by some of the formulae are plotted in fig. 7.2. The agreement between the
finite-~element result and those from the different formulae is comparable to
the agreement between the formulae themselves.

The finite-element results for total, roller and platen deflections
were fitted by the method of least squares to curvesof the form

d=A x PN
using the computer, and the values of A and N are also given in table 7.1.
Subscripts 1 and 2 of A indicate the value of the constant for one and two
contact areas, respectively. The values of A and N for total and platen
deflections are used in the computer program FINELM (as the values of CON1,
AAN1 and CbNZ, AAN2 respectively) for solving complete steel radial roller

bearing problems,

743 FINITE - ELEMENT MESH FOR STEEL RADIAL ROLLER BEARING

WITH HOUSING AND SHAFT

Fige 7.3 shows the mesh used for finite-element analysis of steel
radial roller bearings in housings. Figs. 7.4 and 7.5 show the detail of the
mesh near the contact areas in the outer and the inner races respectively.
About 70% of all the nodal points are concentrated near the contact areas
(in the race rings), because these regions are subjected to the maximum
variation of stresses.

The number of elements and nodal points present in the shaft and
inner race ring and the housing and outer race ring are given in the following

table,

No., of nodal points No. of elements
Inner race ring and shaft 401 613
Outer race ring and housing 462 720

Nodal point co-ordinates very near the race tracks (where the mesh is very
fine) was found by using the computer.

The mesh is divided into many regions, which are assigned
numbers as shown in fig. 7.6. Elements within each region were given constant
elastic properties, constant thicknesses and constant body forces per unit
volume. Thefare stored in the computer core as separate arrays with the

argument of each given by the number of the region. To change these variables
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for any region it is necessary only to change one card containing their values
for that particular region. Thus by assigning appropriate values for each
region it is possible to consider many different types of housings and shafts.
For instance, by assigning very low values of Young's modulus* to regions
1,2,3 etc., making them incapable of transmitting any significant load, it is
possible to consider hollow shafts of differing wall thickness. Similarly,

a very low Young's modulus in regions 10, 11, 17 and 18, simulates the exist-
ence of other openings, which can be in the direction of radial load, at right
angles to it, and so on.

The finite-element analysis used represents a two-dimensional
case. To take into account the presence of ribs and bosses of thickness
greater than the plate it was assumed that the ribbed or bossed portions could
be replaced by elements of the same thickness as the plate, but of appropria-
tely hlgher Young's modulus.

Varying the element Young's modulus E is equivalent in the computer
pfogram, to varying the element thickness t by the same factor, as in the
element stiffness matrix they occur asilinear product (Ext, see appendix 5.1).
For computation, thickness was increased by a factor of 3.0 for the cases with
ribs and bosses. This plane-stress computer model of housings with ribs and
bosses on the plates (cases S 6 to 8 and R 2 to 7 of figs. 7.9 and 10) is thus
slightly more rigid than a three-dimensional model, and of course the actual
case. A three-dimensional finite-element model would be feasible, but hardly
justified in view of the considerable additional computer time and storage
required, for a slight increase in accuracy of the results.

The inner race core axial thickness taken was twice the length
of the rollers, was determined for and used in the cases of Araldite bearings,
considered in chapter 6.

The basic external dimensions of the finite-ele@bt mesh are given

in fige 7.3. The other dimensions are given in sec. 7.3.2.

7.3.1 SOME DESIGN CONSIDERATIONS OF THE FINITE ~ ELEMENT MODEL MESH
The semi-width of contact area b, at static capacity of the steel

radial roller bearing is 0.0075 in. (0.19 mm). The mesh near the contact areas

* The actual values of Young's modulus and Poisson's ratio assigned to the
regions where there is supposed to be no materialare 30 1bs/in.2 (which gives
a ratio of 106 with the Young's modulus for steel) and 0.5 respectively. It
should be noted E=0 cannot be used, because it will make the stiffness matrix

singular,
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(figs. 7.4 and 7.5) was designed considering maximum semi-width of contact
area to be 0.010 in. (0.25 mm). However, this mesh can also be used for
semi-width of contact area somerswhat greater than 0.010 in.,'because the nodal
point load distribution at the contact area given by subroutine NPF is valied
if b exceeds the maximum designed value by a small amount. However, in actual
analysis the static capacity of the bearing was never exceeded.

As mentioned in the introduction to this chapter, in the case of
the 'Araldite' bearings, the housing was supported on an infinitely rigid base,
constituting an artificial boundary condition.In this chapter the housings of
steel bearings, with the exception of cases T 2 to 9, are considered as the
end wall of a cantilevered box structure. Housings are joined to the side walls
of thé box at their periphery, denoted by areas 13, 20, 28, 31, 37, 43, 44 and
54 in fig. 7.6, where the shear-stress due to the external load is distributed
in a parabolic form. This method of boundary support is considered to be more
realistic, and is somerwhat more flexible than the effect of the rigid base
of the Araldite housings (both experimental and computer-simulated). In pract-
ice the support may lie between these two cases, but is more likely to approx-
imate to the box-supported configuration.

The shear-stress at any section of the box side walls (which forms
a cantilever beam) is constant, thus the length of the side walls considered,
from the point of view of shear-stress, is immaterial. Alternatively the
housing itself is subjected to a bending moment acting in its own plane, due
to the roller loads and supports on the opposite walls. In this case the
housing acts as the web, and any of the side walls as the flange, of a beam
to support the bending moment. As the width of the flange (which is equal to
the length of the cantilever beam) is very large, parts of the flange at a
distance from the web (i.e. the housing) do not take a full share in resisting
the bending moment, which makes the beam weaker than the elementary theory
of bending indicates. Usually the actual width of the flange is replaé@ in
such beams by a certain reduced width, such that the elementary theory of ben-
ding, applied to such a transformed beam cross section, gives the correct
value of maximum bending stress. This reduced width of flange is called the
teffective width's The effective width of the flange (side walls) to be
considered with the housing was calculated for the probable bending moment
distribution in a way similar to that given by Timoshenko and Goodier in
ref. 46 (page 262-268), and is given in appendix 7.1. The effective width of
the flange was found to be 1.35 in. (34,3 mm, incluéing the thickness of the
plate, which is 0.45 in.).
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The effects of variation of the width of the 'flange' (i.e. the
side walls), considered as the thickness of the elements of the outer race
shear area, are shown in figs. 7.7 and 7.8. The variation of thickness of the
outer race shear area has comparatively small effect on the bearing as may be
seen from fig. 7.7. Increasing this thickness has the greatest effect on the
body deflection of the outer race, but the change in deflection of the inner
or outer race is comparatively small. For example, if the thickness is increased
from 0.45 in. (11.4 mm) to 1.35 in. (34.3 mm), the total bearing deflection
decreases from 685 upin. (17.4 um) to 633 pin. (16.1 pm), out of which 84.6% is
due to the decrease in body deflection of the outer race, and only 15.4% is due
to the other components of the bearing deflection. As the thickness of the
outer race shear area is increased, its support rigidity increases, which tends
to make the roller load distribution peakier. But this increase is also small
as 1s evident from the small increase in the equivalent radial load in fig. 7.7.

Fig. 7.8 shows the variation of Kt’ Kb’ and the ratio of outer to
inner race deflection (6or/6ir) with the thickness of outer race shear area.
The factor (6or/6ir) decreases slightly with increase in the thickness, due to
the increase in stiffness of the outer race and peakiness of the roller load
distribution.

In case of Araldite bearings, where the base was infinitely rigid,
the major axis of the deflected outer race curve was perpendicular to the
direction of radial load. In,present case (for steel) the major axis is in
direction of the radial load (see fig. 7.78) due to the reduction in the suppo-
rt rigidity. This is advantageous for the fatigue life of the bearing,
because the roller load distribution is more uniform. Comparison of the
deflected shape of the outer race with the case of relieved races in
chapter 6, indicate the reason for the decrease in peakiness of the load
distribution.

The effect of the increase in thickness of the outer race shear

area on the deflected shape of the raceswas also found to be very small.

7.3.2 CODING OF THE STEEL RADIAL ROLLER BEARINGS 1IN
HOUSINGS
A numbering system similar to that of the Araldite bearings is

alsc used for steel bearings. A typical example is,
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R stands for Sign of radial Amplitude of relief

radial roller clearance in the outer race
bearing (x 0.0001 in.)

RS=-420600
Type of Type of inner Amount of radial clearance
outer race race (see fig. 7.9) or interference (x 0.0001 in.)
(see figs. 7.9
and 7.710)

Thus, the bearing number in the example represents a steel radial
roller bearing, the outer race ring of which is mounted in a housing (S 4)
which is in the form of a plate (0.45 in. thickness) having a hole at 45° to
the direction of radial load (fig. 7.9) and the inner race ring is mounted on
a solid shaft (no.2). The bearing has a preload equivalent to ¢=-0.0006 in.
(15.24 pm) interference and the outer race has no relief.

In graphical presentation, if any of the above characters is a
variable, it 1s replaced by 'x'.

Housings and shafts illustrated in figs. 7.9 and 7.70 have all Leen
obtained from the same mesh of fig. 7.3 by assigning the appropriate values of
elastic properties, element thicknesses, and body forces, for each region
(shown in fig. 7.6). The thickness of the outer and inner race rings have been
taken as equal to the length of the rollers (i.e. 0.45 in.) for all the cases.

The dimensions of the other parts of the races which have been used* are given

below.
Shafts
Shaft no. Outside Inside 1D/0OD
(see fig. 7.9) diameter, OD diameter, ID
(in.) (in.)
2 2.715 0.00 0,000
3 24715 0.80 0.372
4 2.15 1.40 0.651
5 2.15 1. 80 0.837

* Three confiqurations provided in the finite element mesh, were not used in

the analysis.
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Bosses and Circular housings

Housing nos. Outside Inside 0D/ID
(see figs. 7.9 and 7.710) diameter, OD diameter, ID

(in.) (in.)
S 8,R 4,R 7,T 4,T 7 6.00 3.25 1.847
S 7,R 3,R 6,T 3,T 6 4.50 3.25 1.385
S 6,R 2,R 5,T 2,T 5,T 8,T 9 3.72 3.25 1.145
S 2 3.25 3.25 1. 000

Other openings in housings S 3,5 4 and S 5

Diameter, 1.5 in.

Radial distance, 3.0 in.

Disposition with respect to radial load, 0°, 45° and 90°
Breadths of the ribs and the outer race shear area, 0.5 in.

Radial thickness of the inner and outer race rings, 0.125 in.

7.4 CONVERGENCE OF ROLLER LOAD DISTRIBUTION FOR STEEL RADIAL

ROLLER BEARINGS

The values of FCTR for convergence*® of roller load distribution
depend on the type of housing and shafts. For less rigid housing or shaft a
lower value of FCTR is required for rapid convergence. For a solid shaft (no.2)
with a rigid housing (no. S 2) fig. 7.711 shows the rate of convergence with
different values of FCTR. Plotting the number of iterations required for conve-
rgence to a certain RMS error in roller load distribution against FCTR in
fige 7.13a, it is found that the value of FCTR for maximum convergence for
this case is 3.0. .

Fig. 7.12 shows the rate of convergence for a hollow shaft (no.5)},
and the same rigid housing as in the previous case, for different values of
FCTR. Fig. 7.13b shows that the maximum rate of convergence is near a value of
FCTR=0.25 and that above the value of FCTR=0.4 the roller load distribution
does not converge at all. It was found that FCTR1 has little influence on the
rate of convergence.

For a shaft with inside-to-outside diameter ratio of 0.651 (no.4)
with rigid housing the value of FCTR taken was 1.0, and for most of the cases
of this combination the number of iteration required to converge (below RMS
error of 1.0 1b.) was 7.

The limiting RMS error to stop iteration for the results of all

the cases given in table 7.2 was 1.0 1b., excepting for the cases of circular

*The explanation of this has been given in step no.24 of section 5.4.}
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housings (T-series), for which the limiting RMS error was set at 2.0 1lb.

7.5 RESULTS AND DISCUSSION OF THE EFFECTS OF DIFFERENT TYPES

OF HOUSING AND SHAFT ON THE PERFORMANCE OF STEEL RADIAL

ROLLER BEARINGS

A summary of results obtained by finite-element analysis for steel
radial roller bearings having different combinations of shaft and housing is
given in table 7.2.

The effect of variation of radial load on the bearing performance
is studied only in section 7.5.1. In the later sections, as the effect of
variation of radial load is found to be more predictable (from results of
section 7.5.1) than the other variables, and also as the number of variables
under consideration is large, the radial load, Fr is kept constant at 5000 1bs.
(22,24 kN).

‘ The body deflection of the outer race for all the cases in this
chapter, with the exception of the cases of circular housings (T-series), is
measured with respect to two datum points, each at the opposite edges of the
housing and at the same height as the centre of the races. For the T-series
housings the body deflection of outer race is the absolute body deflection
of it.

7.5.1 BEARINGS WITH HOLLOW SHAFTS

Figs. 7.14 to 7.25 show the variation of radial deflection,
non-dimensional equivalent radial load, roller load distripution etc. and
figs. 7.78 to 7.91 show the deflected shape of the races for different shaft
hollowness, radial clearances and radial loads. In all the cases under consi-
deration in this section the housing is of the type S 2 (fig. 7.9).

The total and different component deflections of the bearing with
fully elastic housing and shaft (solid), and the corresponding deflactions
assuming rigid races are compared in fig. 7.14. The body deflection considering
rigid races 1s obviously zero. The total bearing deflection for elastic races
is more than that for rigid races, mainly due to the larger outer race defle-
ction and the body deflection of the outer race. As the shaft is solid, the
inner race deflections for'eiastic and rigid races are nearly the same.

Fig. 7.15 shows the variation of the total, and the different
component deflections, with radial load for different degrees of shaft
hollowness, for a radial clearance of c= -200 pin. (-5.08 pm). The body

deflection of the outer race is nearly the same for all shaft hollowness and
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the curves are almost linear. The total radial deflection increases with
decreasing wall thickness of shaft, lowest deflection occuring with a solid
shaft. The main increase in bearing deflection for a hollow shaft is, as exp-
ected, due to the increase in the inner race deflection. For hollow shafts, the
peakiness of roller load distribution (and also the peak roller load) is less
than that for solid shafts, as may be seen from figs. 7.24 and 7.25. Due to
this, the outer race deflection decreases with increase in hollowness of the
shaft (fig. 7.15). This may also be seen from the deformed shape of the races
for solid and hollow shafts at the same radial load and clearance, e.g. figs.
7.78 and 7.89.

Fig. 7.716 shows the variation of total bearing deflection with
radial clearance for different hollowness of the shaft. The linear portion
of the curves for preloaded bearings increases with increase in the shaft
hollowness. This is because, for a hollow shaft, the preload required at a
particular radial load for the top roller to be just loaded is greater (due to
the lower shaft radial stiffness) than that required for a solid shaft, or less
hollow shaft. The difference between the total deflection curves for shafts
of different radial stiffness increases with increase in radial clearance.
This is because the hollow shaft, which is succeptible to more deformation,
is held more securely by the rollers when the radial clearance is lower.

For heavily preloaded bearings the deflected shape of inner races for a hollow
shaft 1s nearly circular, as may be seen from fig. 7.89. However, as the pre-
load is decreased, or the bearing is given some positive clearance, the shaft
is held by fewer rollers, and there is less restriction on shaft deflection.
Hence the inner race deflects laterally, as may be seen from figs. 7.90 and
7.91. '

Fig. 7.17 shows the variation of total, and different component
-deflections, with increase in the hollowness of the shaft. The fact that the
outer race deflection decreéses and the total and inner race deflection
increases with increase in the shaft hollowness, can be seen more readily from
this figure. The rate of increase in inner race deflection increases with
increase in radial clearance in the bearing (from negative to positive). This
is also due to the lower lateral restriction with increase in clearance. The
rate of decrease in outer race deflection increases after a certain increase
in shaft hollowness (see the curve for c= +600 jin., above a shaft diameter
ratio of 0.5). This is due to the decrease in peak roller load with increase

in shaft hollowness; maximum roller load actually starts to move from the line
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of action of the radial load after a certain hollowness is reached (see fig.
7.25b for bearing no. RS+240600, and for bearing no. RS+250600, the position
of maximum roller load is actually at about,\yj=450). ‘

Fig. 7.18 shows the variation of non-dimensional equivalent radial
load (Pr/Fr) with radial clearance for different hollowness of the shaft. The
(Pr/Fr) curves become progressively more flat with the increase in shaft hollo-
ness. It may be recalled here that, a ratio of Pr/Fr=1.0 means that the life
of the bearing is equal to that for a rigid race zero clearance bearing, and
when (Pr/Fr) is more or less than 1.0 the life is less or more, respectively.
(Pr/Fr) for even some positive clearance bearings wili., solid shaft is lower
than 1.0, which is unlike the cases considered in Araldite bearing section.
The reason for this is that the major axis of the deflected shape of outer race
for the present cases is in the direction of radial ioad due to the less rigid
support (which is effectively equivalent to having relieved races), giving
a more uniform roller load distribution. In addition to the above reason,
(Pr/Fr? for hollow shafts is lower than 1.0 for positive clearance, and for a
larger range, due to even more uniform roller load distribution (as may be
seen in fig. 7.25), than for solid shaft.

The ratio (Pr/Fr) for heavily preloaded bearings with solid shaft
is high, due to the preload component of roller load distribution. However
as the shaft becomes hollow the preload component decreases due to the shrinkage
of the shaft and this effect increases with increase in shaft hollowness. For
this reason, the factor (Pr/Fr) decreases with increase in shaft hollowness
for high preload.

The minimum value of (Pr/Fr) at which the life is maximum, occurs
at or near a radial clearance of c= -200 pin. (-5.08 pm) for Fr= 5000 1bs.
and is almost independent of shaft hollowness for less hollow shafts.

Between the range of clearance of about c= 0 to c= -400 p;in.
(-10.16 pm}, which is desirable in the bearing (the actual desirable value of
c depends on Fr), the ratio (Pr/Fr) is minimum at a particular shaft hollowness
as may be seen from fig. 7.19. The value of inner to outer diameter ratio* of
shaft at which (Pr/Fr) is minimum is about 0.65 (for c= -200 pin.) to 0.75 (for
c= O pin.). Shaft number 4 has inner to outer diameter ratio of 0.651. It may

be seen from figs. 7.24 and 7.25 that the roller load distribution at this shaft

* Note that the equivalence of these inner-to-outer diameter ratios for shafts,
with those of an actual application will strictly depend on taking appropriate

values for the equivalent core thickness for both.
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hollowness is also most uniform, and the roller in direction of radial load is
just carrying maximum load, and the peak is just on the point of moving from
this roller.

Fig. 7.20 shows the variation of (Pr/Fr) with radial load for diff-
erent hollowness of the shaft at c= -200 pin. The factor (Pr/Fr) is large at
low value of radial load, due to comparatively large prelocad components of the
roller locads. With increase in radial load (Pr/Fr) decreases rapidly and
eventually becomes almost constant.

Figs. 7.21 and 7.22 give the variation of the values of Kt and Kb
for different hollowness of the shaft with radial clearance and radial locad,
respectively.

The effect of high speed on non-dimensional equivalent radial load

(p_/F ), the ratio of outer to imner race deflection (3 /&. ), K, and K for
' r or' Vir b

t
bearing number RS-250200 at radial load F = 2000 1bs. (8.9 kN) is shown in
fig. 7.23. It may be seen from this figure that the factors (Pr/Fr), (borjbir)
and K, . increase and K remains constant with increase in speed.

¢ Figs. 7.22 and 7.25 show the roller load distribution for different
shaft hollowness and radial clearances. These figures show the more uniform
roller load distribution for ré?onably hollow shafts, and also the fact that,
if the bearing clearance is sufficiently high and the shaft is sufficliently
hollow, maximum roller load may be carried by scme roller other than that

in line with the external locad. For positive (or zero) clearance bearings the
loaded zone increases with increase in shaft hollovmess,

‘ Figs. 7.78 to 7.81 show the defofmed shape of the races on loading
for the steel bearings with solid shafts having radial clearances c= -600, =300,
0 and +600 pin. respectively. The local deformations in these figures are much
'sharper' than for the Araldite bearings, because of the smaller width of cont—
act area for steel. Figs. 7.78, 7.82, 7.84 and 7.89 show the deflected shape
of races with increasing shaft hollowness at high interference (-600 upin.).

In these figures the increasing shrinkage of the inner race, and small decrease
in expansion of the outer race, can be observed.

Figs. 7.81, 7.83, 7.88 and 7.91 show the deflected race shapes at
c= +600 uin. witﬁ increasing hollowness. These figures illustrate the fact
that as the shaft becomes more hollow for a high-cleérance bearing, the inner
race tends to 'flatten out' over the rollers, increasing the loaded zone of the
bearing. The large deflection for hollow shafts around the peak roller position

is responsible for the low load on these rollers.

The deflected shapes of races at three different radial locads for



104

a bearing with hollow shaft and radial clearance of c= -200 pin. are given
in figs. 7.85 to 7.87. At low load all, or nearly all, the rollers are loaded
and hold the inner race securely so that it is circular. But as the radial
load is increased the number of rollers carrying load decreases and the inner

race starts to expand in a direction pervendicular to the radial load.

7.5.2 BEARINGS 1IN HOUSINGS WITH OTHER HOLES
Figs. 7.26 to 7.30 show the effect of angular position with respect
to the externmal radial load, of other holes in the housing, on the deflections,
non-dimensional equivalent radial loads (Pr/Fr)’ Kt; K, and load distribution,
for a bearing with solid shaft (no.2), and at different radial clearances.
Figs. 7.31 to 7.34 show similarly effects of holes for a hollow shaft (no.4).
Figs. 7.92 to 7.95 show the deflected shape of races for holes at different
angular positions, for a solid shaft, and figs. 7.96 and 7.97 for hollow shaft.
The outer race deflection is greater in the direction of an

opening in the housing wall, as may be sesn from figs. 7.92 to 7.97. All these
figures, excepting fig. 7.94, are for radial clearance c= -300 pin. The defle-
cted shape of races for solid and hollow shafts are given in figs. 7.92 and
7.96 when there is a hole at 0°, and in figs 7.93 and 7.97 for holes at 45° to
the radial load, and on either side of it. For holes at 90° to the radial load
(on either side) the effect on the deflected shape of races is more pronounced
for a high preload e.g. equivalent to c= -600 pin. (fig. 7.94), than for a
lower preload, e.g. equivalent to c= -300 pin. (fig. 7.95). Rollers at 90° to
the radial load carry more load with greater'preload. The effect of other holes
will obviously increase with their size and proximity to the bearing.

v Figs. 7.26 and 7.31 show the variations in total and component
deflections of the bearing with radial clearance, for different positions
of holes in the housing, and for solid and hollow shafts. Total radial defle-
ction is larger for housings with additional holes in any position, but it is
largest for holes at 45° to the radial load on each side of it. Outer race
deflection for a hole at 0° is greatest, as it is directly in the line of radial
load; the peak roller load for this case is lower than for the other positions
of holes (as may.be seen from figs. 7.29, 7.30 and 7.34), and consequently the
inner race deflection is a minimum. The peakiness of roller load distribution
is greatest for holes at 450, hence the inner and outer race deflections are
comparatively larger. Body deflection of outer race is also largest - for holes

at 45°. The effect of holes at 90° is much less pronounced.
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Figs. 7.27 and 7.32 show the variation of non-~dimensional equiv-
alent radial load (Pr/Fr) with radial clearance for the same arrangements of
holes and shafts as previously. At high preload the presence of any hole
near the bearing tends to relieve the preload in the direction of the hole.
This reduces the equivalent radial load at high preload. At about C =-450 u
in. (for Fr = 5000 1lbs.) the (Pr/Fr) curve for holes at 45° crosses the curve
for housing without holes, and remains above it for any further increase in
clearance. The non-dimensional equivalent radial load (Pr/Fr) for holes at
0° and 90° is lower than for the no-hole case. The curves for holes at 90°
and 0° are virtually coincident at high preload. They become separate at
lower preload, the curve for 90° holes being lower than for 0° holes with
increase in clearance. At further clearance still the curves cross over, and
the equivalent radial load for a 0° hole position becomes least. The change
of non-dimensional equivalent load difference for cases with and without holes
is'also plotted in fig. 7.32, for the case of hollow shafts.

From the evidence of deflection and equivalent radial load, the
preferred situation is to have no additional holes at all, but then to dispense
them at 900, 0° and 45° to thé radial load, in order of decreasing preference.
It should be noted that in the above cases the number of holes
in the housing for 45° and 90° positions are two in each case and for o° position
it is one. If there is only one hole in the housing at 45° or 90° position,
some estimate of deflection and equivalent radial load may be obtained by taking
average of the curves for two holes at 45° or'90O position, and no-hole case.
This will still make the equivalent radial load for a housing with a hole at
45° position maximum, and that for hole at 90° will be lower than the no-hole
case. However the radial deflection for one hole at 45° or 900 position will
be smaller than the corresponding two-hole cases. Overall, if an additional
hole is necessary, it is always safer to position it at 90° to the radial load.
If the direction of radial load is non-reversing, the holes can be safely placed
at the 180° position.

Fig. 7.28 and 7.33 show the variation of K, and Kb with radial

clearance for different positions of holes in the housiig for bearings with
solid and hollow shafts, respectively.

Figs. 7.29(a) and (b) and 7.30(a) and (b) show the roller load dis-
tribution in the bearings with solid shafts for different positions of holes,
at radial clearances -600, -300, Oband +600 min.  Figs. 7.34(a) and (b) show

the similar roller load distributions for a hollow shaft at radial clearances
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—-600 and +600}dn. It may be seen that the roller loads in the direction of
holes are smaller than they would be in the absence of holes, due to the
increased local flexibility of the outer race (as may be seen from figs. 7.92

to 7.97).

7.5.3 BEARINGS 1IN BOSSED HOUSINGS
The effect of boss radial thickness on bearing deflection, Kt’

Kb’ non-dimensional equivalent radial load (Pr/Fr) and roller load distribution
in a steel radial roller bearing with solid shaft at different radial clearances,
is given in figs. 7.35 to 7.39. Similar effects on bearings having a hollow
shaft (no. 4) is given in figs. 7.40 to 7.43. The deflected shape of races

for bearings with hollow shafts, for different boss radial thicknesses, is

given in figs. 7.98 to 7.103; fig. 7.101 is for a solid shaft.

The outer race expansion of a bearing under heavy preload reduces
as ‘the boss radial thickness is increased. This may be seen from the deflected
shape of outer races given in figs. 7.84, 7.98 and 7.102; these are for housings
with no boss, a thin boss and the thickest boss used, for a bearing with radial
clearance C = -600uin. As this 'expansion' decreases, the level of roller load
increases for highly preloaded bearings, and tends to approach the distribution
obtained for 'rigid races', as may be seen from figs. 7.3% and 7.43a. This
increase roller load level is greater for solid shafts (fig. 7.3%a) than for
hollow shafts (fig. 7.43a), as the relatively flexible hollow shaft is more
readily compressed {see the deflected shapes of the inner races in the figures
mentioned above). This also tends to decrease the level of roller load distri-
bution to some extent.

The outer race retains its circular shape better as the boss radial
thickness is increased, as may be seen from figs. 7.99, 7.100, and 7.103 (which
are for boss outer—to-inner diameter ratios 1.145, 1.385 and 1.847, respectively).
for a radial clearance of C = -300uin., and hollow shaft. For a solid shaft,
figs. 7.79 and 7.101 illustrate the situation for the 'no-boss' and the thickest
boss, respectively, at the same radial clearance. The tendency of the outer
race to remain circular produces a 'peakier' roller load distribution, which
approaches that obtained from 'rigid races’. Figs. 7.3%9b and 7.43b show the
roller load distribution for solid and hollow shafts respectively in bearings
with high radial clearance (c = +600uin).  The roller load distribution becomes
peakier with increasing boss thickness, but the effect is much smaller with a

hollow shaft (fig. 7.43b), than with a solid shaft (fig. 7.39b).
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Fig. 7.35 and 7.40 show the variation of total radial and com-
ponent deflections with increasing thickness of the boss, at different clear—
ances, for solid and hollow shafts. The outer race deflection decreases
(first rapidly) with increase in boss outside diameter, with consequent
increase in peakiness of roller load distribution. This increases the inner
race deflection. Also the body deflection of outer race decreases as boss
outside diameter rises. The ovefall effect is that the tot;l radial deflection
of the bearing decreases with increasing boss outer diameter, but this is subject
to diminishing returns.

Fig. 7.36 for a solid shaft, shows the percentége decrease in total
radial and body deflection compared with a housing with no boss (no.S 2) plotted
against radial clearance, for different bess thickness. At a preload of about
¢ = -400 min. for Fr = 5000 1bs. (possibly when the top roller is just released)
the decrease in total radial and body deflection is at a maximum.

Figs. 7.38 and 7.42 show the variation of K, and Kb with increase

in boss radial thickness for solid and hollow shafts res;ectively, at different
radial clearances. Kt decreases, at first rapidly}hzifh increase in boss out-
side diameter, whereas Kb remains almost constant at, and then decreases with
further increase in boss diameter.

Figs. 7.37 and 7.41 show the effect of boss thickness on non-
dimensional equivalent radial load (Pr/Fr). Equivalent radial load increases
with boss outside diameter due to the increasing peakiness of roller load dis-~
tribution. At high preload (e.g. when ¢ = —§OO‘uin.) the increase in equiv-

alent radial load is rapid, particularly at the start, as the rising radial

stiffness of the boss restricts radial expansion of the outer race.

7e5.4 BEARINGS IN HOUSINGS WITH BOSSES AND RIES

Ribs are normally employed to increase the rigidity of the housing
plate in bending, nevertheless they have some effect on the bearing. Two
classes of ribbed housings have been considered:

(a) - Upright cruciform ribs, with the ribs disposed at 0° and 90° to the

radial load. Housings R2, R3 and R4 have this form of ribs, Symbol used to
denote this form of ribbed housing is Eﬁ}-

(b) Diagonal cruciform ribs, with the ribs disposed at 45° to the

radial load. Housings R5, R6 and R7 have this form of ribs. The symbol
used is [ .

In both the classes the outer diameter of the boss have been varied.
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The deflected shapes of races for bearings with the thinnest
boss ard hollow shaft are given in figs. 7.104 and 7.105 for housings with
upright and diagonal cruciform ribs respectively. Figs. 7.44 to 7.49
show the excess deflections Kt’ Kb, excess non-dimensional equivalent radial
load, and excess roller load distribution, for a bearing with housing having
upright cruciform ribs. Similar graphs for the case of a bearing with dia-
gonal cruciform ribs are given in figs. 7.50 to 7.55. The first three fiqures,
and the last three figures, are for bearings with solid and hollow shafts, res—
pectively. The excess deflection etc. are for housings with and without ribs
and a particular boss outside diameter. The excess deflection, excess non-
dimensional equivalent radial load, and excess roller load distributions plotted
show clearly the effect of the ribs. In general this is small in comparison
to the total values and decrease with increase in boss outside diameter. The
effect of ribs will obviously depend on their thickness and that of the plate.
However, these values are kept constant here. The variation of relative
thickness of ribs and plate would affect only the magnitude of the effects on
the bearing, whilst the trends would be virtually the same as presented here.

The deflected shapes of races of figs. 7.104 and 7.105 are for

hollow shafts and housings Qith upright and diagonal cruciform ribs, and may be
compared with the equivalent 'non-ribbed' case of fig. 7.99. Overall deflection
of outer race is lower in the direction of the ribs, and as a result, there is
an increase in roller load in this direction, as may be seen from figs. 7.46,
7.49, 7.52 énd 7.55 (b and ¢ in each figure).  The first two figures are for
upright ribs, and the last two for diagonél ribs. The increase in roller load
in the direction of ribs is greater in case of a solid shaft (figs. 7.46 and
7.52) than for the hollow shaft (figs. 7.49 and 7.55). However, with increasing
boss outside diameter, the effect of the ribs on roller load distribution de-
creases, as may be seen from part (c% of the above four figures.

This can also be seen from the excess non-dimensional equivalent
radial bad, shown in figs. 7.46a, 7.49a, 7.52a and 7.55a. The non-dimensional
equivalent radial load (Pr/Fr) for upright ribs (figs. 7.46a and 7.4%a) is
higher than for a housing with no ribs, at all radial clearances. This is
because the roller load distribution for a housing with upright ribs is peakier
than the 'no-rib' case, as is evident from positi?e values of excess peak roller
loads shown in parts b and ¢ of éhe same figures. The rollers at 90° to the
radial load (which do not share the radial lecad)also have positive excess roller

load for preloaded bearing and this also causes some increase in the equivalent
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radial load.

FPor diagonal ribs and small preload or positive clearance,
the non~dimensional equivalent radial load (Pr/Fr) actuaily decreases com—
pared with the 'no-rib' case, as may be seen from figs. 7.52a and 7.55a.
This is because the rollers at 45° to the radial load carry positive excess
roller loads, and those at 0° carry negétive excess roller load (as shown in
parté b and ¢ of the above figures). Thus due to this increase and relief
of load in the right positions, the roller load distribution is more uniform
than for a housing without ribs. However, non-dimensional equivalent radial
load for very high preloaded bearings (&€>1.0)} is always greater than the no-
ribbed case, even with diagonally ribbed housings. This is because ribs
introduce additional rigidity and tend to raise the whole roller load distri-
bution curve as all the rollers are loaded, though the curves may still be less
peaky for diagonal ribs.

Figs. 7.44 and 7.47 show the excess radial and component deflec-
tions for a housing with upright cruciform ribs over the corresponding deflec-
tions without ribs. The outer race deflection for this position of ribs de-
creases due to the rigidity of the ribs (as may also be seen from the deflected
shape of outer race in fig. 7.104). Thié reduced outer race deflection increases
the peakiness of roller load distribution curve and this in turn increases the
inner race deflectiocn. The body deflection also decreases due to the rigidity
of the ribs. All these give rise to a lower radial deflection for upright
ribs compared with the 'no-ribs' case. Again, the effect of the ribs in terms
of the decrease in outer race and total radial deflections and the increase in
inner race deflection, decreases with increasing boss outside diameter.

The excess body deflection of the outer race is almost constant
for both solid and hollow shaft cases., Though the outer race deflection may
be less by as much as 8% for the thinnest boss, the decrease in total radial
deflection for the position of ribs under discussion is less than 3%.

FPigs. 7.50 and 7.53 show the excess radial and component deflec-
tions of a bearing having housing with diagonal cruciform ribs over the cor-
responding 'no-ribs' case. In this case the inéer race deflection decreases
due to less peaky roller load distribution as explained earlier. The outer race
deflection may increase or decregse, depending on radial clearance and boss out-
side diameter. The maximum decrease occurs in the body deflection of the outer
race (which may be as much as 10 - 12% for the thinnest boss used). The total

radial deflection for a housing with diagonal ribs also decreases in compariscn
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with the 'no-ribs' case (maximum about 5% decrease for the thinnest boss),

most of this- decrease being due to the decrease in body deflection of the outer
race. These figures also show that the effect of ribs decreases as boss thick-
ness is increased.

Figs. 7.45 and 7.48 give the value of K, and Kb for a housing with

upright ciuciform ribs and with solid and hollow shths respectively. Figs.
7.51 and 7.54 are the similar graphs for a diagonally ribbed housing. These
values are lower than the 'no-ribs' case, due to the lower bearing radial def-
lection, as explained earlier. Kt and Kb for a housing with diagonal ribs
are lower than those for upright ribs.

From the above results it is found that for a housing with diagonal
cruciform ribs, the bearing deflection and the equivalent radial load decreases
compared with the 'no-ribs' case. Upright ribs give rise to increased equiv-
alent radial load (i.e. less bearing life) and slightly less decrease in bearing
radial deflection (less decrease than the case of diagonal ribs), with respect
to a housing without ribs.  Thus the diagonal cruciform‘configuration of ribs

is preferable to the upright form.

7.5.5 CTRCULAR (BOSSED) HOUSINGS ON RIB SUPPORTS ONLY
The three outside-~to-inside diameter ratios of the circular hous-—
ings used are the same as those used for the bosses (i.e. 1.145, 1.385 and

1.847). Four types of support configurations of the circular housing have

been considered:

-

(a) Upright cruciform support; with the supports disposed at o° and

90° to the radial load. Housings T2, T3 and T4 have this form of support,
denoted by the symbol -O-.

(b) Diagonal cruciform support; with the supports disposed at 45° to

the radial load. Housings T5, T6 and T7 have this form of support, denoted by
the symbol XX .

(e) - Upright part-cruciform support, having three supports - one in the

direction of radial load and the other two on either side of it at 90° (i.e.
the same as (a) without the top support). Housing T8 has this form of support,
denoted by the symbol -Q- .

() Diagonal part-cruciform support, have two supports at 45° to the

radial load on either side (i.e. the same as (b) without the top two sﬁpports).
Housing T9 has this form of support, denoted by the symboi_;k-

The outer ends of the supports are fixed and the body deflection
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of the outer race, 6, is the absolute deflection of the two points on the

outer race track at gOO to the radial load on either side. The bearing
deflections, non-~dimensional equivalent radial load (Pr/Fr), Kt’ Kb and
roller load distributions for housings with upright cruciform support are
given in figs. 7.56 to 7.59 for a solid shaft, and in figs. 7.60 to 7.63.
for a hollow shaft (no. 4). For a housing with diagonal cruciform support
they are given in figs. 7.64 to 7.67 for a solid shaft, and in figs. 7.68 to
7.71 for a hollow shaft (no. 4). The effect of shaft speed on the bearing
with the thin circular housing, is given in fig. 7.72 for upright gupport,
and in fig. 7.73 for diagonal support.
The bearing deflections, non-dimensional equivalent radial load

(Pr/Fr),'Kt, Kb and roller load distribution for a bearing with thin circular
housing having part-cruciform supports, and hollow shaft are given in figs.
7.74 to 7.77.K The deflected shapes of races for different cases are given
in' figs. 7.106 to 7.121.

Upright cruciform support *?' :

Figs. 7.107 to 7.110 show the deflected shape of races with thin
circular housing having upright cruciform support, and hollow shaft at radial
clearances -600, -300, 0 and +600 uin. Fig. 7.106 is for the solid shaft at
a radial clearance of -300uin. The outer race deflected shapes have three
lobes. The lower two lobes are formed by the roller loads acting on the span
of the outer race, which is acting as a beam, between the two supports. The
top lobe is formed by the tension in tﬁe upper support. Due to the roller Ibads
on either side of the bottom support (which are responsible for the lower two
lobes), the points on the outer race track at 900 to the radiél load on either
side are deflected dowmwards. As the outer race deflection (6or) is measured
with respect to these two points, 6or decreases and may, in fact, be negative
as may be seen from figs. 7.106 to 7.110. The body deflection of the outer
race comprises two parts:

(1) due to the deflection of the lower supports, and
(2) due to the deflection of the above two points with respect to the
top of the lower supports.

Part (2) is large for this housing compared with other types;
Inmer race deflection is greater in the directions of the supports, due to
larger roller loads in these directions.

Figs. 7.108, 7.111 and 7.112 show the deflected shapes of the

bearing races with a hollow shaft, for increasing outside diameter of the
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housing at a radial clearance of -300 uin. The figures show that the size
of the lobes decreases, and hence the effect of the supports decreases, with
increase in the housing outside diameter.

Figs. 7.52 and 7.63 show the roller load distribution in the bearing
with solid and hollow shafts. The roller loads in the direction of supports,
excepting the top one, increases. Rollers in the direction of the top support
do not carry load, as the outer race in this region deflects outwards due to
tension in this support. The roller load distribution in the above figures
is for different radial clearance with the thinnest housing in parts (a), and
for different housing outer diameter at a radial clearance of -300 uin. in
parts (b). From parts (b) it is clear that as the housing outer diameter in-
creases, the peakiness of roller load distribution decreases, and it tends to
approach the curve obtained by assuming rigid races.

Figs. 7.57 and 7.61 show the non-dimensional equivalent radial
load (Pr/Fr) for a bearing with circular housing having upright cruciform sup-
port, for solid and hollow shafts. For the case of highly preloaded bearings
(e.g. for c = -600 yin.), the (Pr/Fr) curves exhibit a minimum due to two
opposing effects:

(1) factor (Pr/Fr) tends to decrease with increasing housing outside
diameter due to the reducing effects of supports (supports increase the peaki-
ness of roller load distribution curve).

(i1) factor (Pr/Fr) tends to increase with increasing outside diameter
of housing, due to the increase in the preload component of the roller loads
(as shown in section on effects of boss thickness).

The combination of the above effects produces a minimum value of
(Pr/Fr) at high preloads. For the curves at other clearances only effect (i)
is present and hence (Pr/Fr) decreases with increase in the housing outside
diameter. The decrease in (Pr/Fr) is rapid up to a diameter ratio of about
1.5 but is thereafter subject to diminishing returns. This value of 1.5 could
therefore be taken as the value of outer to inner diameter ratio of housing
where the effect of support is quite small.

The radial and component deflections of the bearing with circular
housing having upright cruciform supports for solid and hollow shafts are shown

in figs. 7.56 and 7.60 fespectively and, K, and Kb in figs. 7.58 and 7.62. From

t
these figures it may be seen that body deflection of the outer race (Gb) is a sub~
stantial part of the total radial deflection. A part of Gb’ as mentioned earliexr

is due to the compression of the lower support, which depends on the length of
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the support. FPor a housing with different lengths of support, if the com-

pression of the lower support is calculated,bthen, 6, (and Kb) and hence ér

b
(ang Kt) can be altered easily from the values given in the above mentioned
fiqures to obtain’an estimate of their actual values for these lengths of sup-

ports. It may be seen from figs. 7.56 and 7.60 that, ér, 6 aﬁd 6ir decrease

and 6or increases with the increase in housing outer diameteﬁ. Inner race
deflection (éir) decreases due to the decrease in peakiness of roller load
distribution. Body deflection of the outer race (éb) decreases, due mainly

to the lower deflection of the two points on the outer race tracks at 90° to

the radial load on either side, with respect to the top of the lower support

(and also, to some extent due to shorter leﬁgth'of the lower support). Total
radial deflection (ér) decreases due to the decrease in 6ir and éb. The outer
race deflection (éor) increases with increase in the housing outer diameter
mainly due to the reduction in deflection of the above mentioned two points, with
respect to which the outer race deflection is measured.

Diagonal cruciform support XX

Figs. 7.113 to 7.116 show the deflected shape of the races for
bearing with thin circular housing having diagonal cruciform support, and
hollow shaft at radial clearances -600, -300, 0 and +600/4in. The outer race
deflected shapes for these cases has also three lobes. One downwards in the
direction of radial load formed by the roller loads acting on the span of the
outer race, between the two lower supports. The upper two lobes are formed by
the tension in the upper supports. The inner race deflection is greater in the
direction of supports (at 45° to the radial load on either side) due to larger
roller loads in these directions. FPigs. 7.114, 7.118 and 7.119 show the def-
lected shapes of bearing races with hollow shaft, for increasing housing out-
side diameter, at a radial clearance of -300 Min. These figures show that,
as before, the size of the lobes decreases, thus the effect of the supports de-
creases, with increase in the housing outside diameter.

Figs. 7.67 and 7.71 show the roller load distribution in the
bearing with solid and hollow shafts. Roller loads in the direction of the
lower supports increase due to the reduced outer race deflection in these direc-
tions. Roller loads in the direction of top supports decrease,due to the
'ou?ward' race deflection in these tegions, caused by the tension in these
supports. Parts (a) of the above figures are for the roller load distribution
for different radial clearances with the thinnest housing used. The maximum

roller load in these figures is at 45° to the radial load. Parts (b) of the
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above figures are for the roller load distribution iQ bearings with housing
having different outside diameters, and a radial clearance of -300 in. As

the housing out§ide diameter increases the peakiness of roller load distribution
decreases and tends to approach the theoretical roller load distribution curve
obtained by assuming rigid races.

Figs. 7.65 and 7.69 show the non-dimensional equivalent radial load
(Pr/Fr) for a bearing with circular housing having diagonal cruciform supports,
for solid and hollow shafts. At the smaller outside diameter of the housing
factor (Pr/Fr) is high due to the effect of support. With increase in housing
diameter this effect decreases and (Pr/Fr) ?alls. Further increase in housing
diameter causes (Pr/Fr) to increase (especially for large clearance bearings)
due to the peakier roller load distribution as the housing rigidity is increased,
and also for large preloads (e.g. for ¢ = =600 yin.) due to the increase in the
prgload component of the roller leads. The minimum Yalue of (Pr/Fr) is at an
outer-to-inner diameter ratio of about 1.5 (for bearings not having very large
preload). At this value the roller load distribution tends to be uniform, but
below or above this point the roller load distribution curve becomes 'peakier'!
due to support, and clearance, respectively.

The lower lobe formed due to the roller loads may be considered as
relief in the outer race as considered in chapter 6. The three lobes in the
outer race may be compared to the tri-lobed relief considered in that chapter.
Proper amplitude of this relief, which is controlled by the housing outside
diameter, gives rise to uniform roller load distribution and hence lower (Pr/Fr)'
lower or higher amplitude of relief given by higher or lower housing outside
diameter gives rise to peakiness in the roller load distribution curve with the
peaks at 0° and 45° to the radial load respectively, which gives rise to in-
creased (Pr/Fr). The optimum amplitude is given for this bearing at outer—
to-inner diameter ratio of the housing of about 1.5, if the bearing is not
heavily preloaded.

From the discussion above, and in the previous section, it may be
stated that upright cruciform support is to be avoided, as it tends to make the
roller load distribution peakier. If it must be used the housing outer—to-inner
diameter ratio should be about 1.5, or greater. Diagonal cruciform support
is preferable as it tends to produce a more uniform roller load distribution for
the correct housing radial thickness; an optimum outer-to-inner diameter ratio
of the housing attained is at about 1l.5.

The radial and component deflections for a bearing with circular
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housing having diagonal cruciform support for solid and hollow shafts are

given in figs. 7.64 and 7.68, and the values of K_ and Kb in figs. 7.66 and

7.70. The body deflection of the outer race (6b§ for this case also is a
substantial part of the total radial deflect}on. A part of 6b is due to the
compression of the lower supports which depends on the length of the supports.
For a housing with different length of supports, if the deflection due to the
compression of the lower supports is calculated then 6b (and Kb) and hence,

6r (and Kt) can be altgred easlily from the values given in the above mentioned
figures to obtain an estimate of their actual values for these new lengths

of supports. With increase in the housing outer diameter 6r’ 6, and 6or

decrease and §,, increases.  Inner race deflection (6ir) increages due to

the increase in roller loads at, and near, OO, and the decrease in roller loads
at, and near, 450 to the radial load on either side,with increase in the bearing
outer diameter. Outer race deflection (6or) decreases due to greater rigidity
of .the span of housing between the supports. Body deflection of the outer
race (6b) décreases due to the increase in_overall rigidity of the housing and
support structure. It may be seen from figs. 7.64 and 7.68 (for X{ ) that 6b
curves are flatter than the 6b curves in figs. 7.56 and 7.60 (for '¢P). This
is because a substantial part of 6b in the later cases is due po the deflection
of the two points on the race tracks at right angles to the radial load on

either side, with respect to the top of the lower support.

Effect of shaft speed on bearings with thin circular housing having cruciform
‘supports ( €~ and XX )
Figs. 7.72 and 7.73 show the effect of shaft speéd on radial

deflection (6r), non—-dimensional equivalent radial load (Pr/Fr) and excess
Foller load distribution at the outer race for a bearing with thin circular
ﬁousing having upright and diagonal cruciform supports, and for solid and
hollow shafts at a radial clearance of -3004tin., Fig. 7.117 shows the def-~
lected shape of races for a bearing with hollow shaft and Ehin circular housing
having diagonal cruciform support ét_anradial clearance of —BOO/Lih. and shaft
speed of 30,000 r.p.m.

The deflected shape of races at 30,000 r.p.m., fig. 7.117, may be
compared with fig. 7.11%, which is for zero r.p.m. Little differeﬁce is
evident in the shape of éhe curves, except that the localkdeformations at the
contact areas are slightly higher in)the outer race due to the increased roller

load at 30,000 r.p.m. The excess roller loads at.high speed (shown in figs;
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7.72 and 7.73(c)), which are mainly due to the centrifugal force of the rollers,
is not uniform over all the rollers, but the increase is greater in the direc-
tions of the supports,

The bearing radial deflection (ér) increases with increase in the
speed of the shaft as showm in figs. 7.72a and 7,73a. The increase in ér
in case of diagonal supports is almost totally due to the increase in 6or
(éir and &

b remain virtually unchanged), and in case of upright support in-
' !

crease in ér is mainly due to éor and also to some extent due toiéb.

The non-dimensional equivalent radial load (P /Fr) also increases
r
with increase in shaft speed as shown in figs. 7.72b and 7.73b.

Upright and diagonal part-cruciform supports ( @ and A ).

Figs. 7.120 and 7.121 shows the deflected shapes of races for a
bearing with hollow shaft and housing having upright and diagonal part-cruciform
suﬁports at.c¢ = =300 in. These figures may be compared with figs. 7.108 and
7.114, which are for the corresponding cases of upright and diagonal full-
cruciform supports, at the same radial clearance. In the first two figures
the top lobes are not present in the outer race deflected shapes, as there
are no top supports. The loop in the ocuter race deflected shape of fig. 7.120
is due to comparatively large deflections for the magnification used in plotting.

The roller load distribution in the bearings for upright and diagonal
part-cruciform support cases is given in figs. 7.77a and b, and may be compared
with the corresponding full-cruciform support.caSes of figs. 7.63a (for %b—)
and 7.7la(for X( ). The peakiness of roller load distribution is greater in
the part-cruciform support cases. This peakier roller load distribution gives
rise to higher non-dimensional equivalent radial load, as‘may be seen from fig.
7.75, compared with the corresponding cases of cruciform support configurations
(figs. 7.61 and 7.69).

The radial and component deflections, and Kt and Kb’ for the upright
and diagonal part-cruciform support cases are given in figs. 7.74 and 7.76.
These values may be compared with the corresponding values of deflection (in

figs. 7.60 and 7.68) and, of K, and K, (in figs 7.62 and 7.70) for cruciform

t

support configurations. The deflections 6r, 6. and 6ir for the case of upright

b
part-cruciform support, and ér and éb for the case of diagonal part-cruciform sup-
port are larger than the corresponding values for the full-cruciform support con—
figurations. The increase is mainly in éb (about double the value of the cor—

responding full-cruciform support configuration). The outer race deflection
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(6or) for the upright part-cruciform support case decreases (i.e. the negative
value increases) due to greater deflection of the two points on the outer

race track at right angles to the radial load, compared with Fhe full-cruciform
support case. The inner race deflection 6ir'for the diagonal part-cruciform
support case decreases, due to %ower roller loads at, and near o° and greater
roller loads at, and near, 45° to the radial load, compared with the corres-
ponding full-cruciform configuratioh. The values of Kt and Kb for the upright

and diagonal part-cruciform support cases increases due to the increase in 6r

and 6b compared with the corresponding full-cruciform support configuration.
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CHAPTER 8 CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK

8.1 CONCLUSIONS

1. Using the assumption of rigid races, calculations have shown that
the stiffness of a bearing can be'cqnsiderably increased by imposing a fairly
low degree of preloading. An increase in stiffness by a factor of up to two,
compared with that for a zero clearance bearing, can be achieved by imposing

a relatively small amount of preload. Small preloads also increase  bearing
life.

2. Even using the -'rigid race' assumption, determination of the def-
lection of a rolling bearing by considering the radial clearance present in it
can be time consuming. Thus nomograms for radial roller and ball bearings have
been constructed to enable the radial deflection to be found quickly and easily.
3. The modified stress—freezing technique is a useful method for deter—
mining the various components of bearing deflection, roller load distribution,
and the deflected shapes of the races. This enables the model to be dismantled
while frozen in the loaded state; the iﬁformation thus gained would be difficult
to obtain by any other method. The main disadvantage is the time required in
the manufacture and testing of models.

4e Good agreement was found between the experimental results (using
the modified stress—~freezing technique) for load~deflection characteristics of
a roller loaded between two flat platens, and that obtained by finite-element
analysis. Agreement was also good between the experimental results for total
and components of bearing deflections, roller load distribution and the def-
lected shapes of the races, and those obtained by finite-element analysis.

5. The finite element program together with the mesh for the races
(especially for steel bearings) enables the consideration of a number of types
of housings and shafts. By using zones within the complete mesh, having con-—
stant elastic properties, thickness,and densities, a range of different housing
and shaft configurations has been evaluated using the same basic finite-element
network. It has been possible to conserve computing time by storing the
intermediate matrices of a bearing with a particular combination of housing

and shaft on a magnetic :tape.

6. The deflected shapes of the races calculated by the program and
drawn by the calcomp graph plotter were found to be of great assistance in

explaining physically the effect of the different types of housings and shafts
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on the bearing performance. It was found that the deflected shape of the
races influences the roller load distribution and hence, life of the bearing.
Support conditions which give rise to adverse profiles, by increasing the
peakiness of the roller load distribution, lower the life of the bearing,

and vice-versa. As a unifying factor in evaluation of bearing life, the
equivalent radial load, calculated from the roller load distribution,was found
to be very useful.

7. The general trends of the deflection vs. radial clearance curves
for different types of housings and shafts for fully-elastic races, are similar
to those obtained with the 'rigid race' assumptiogf although they are bodily
shifted in the direction of increased flexibility. A small preload for fully-
elastic races also reduced bearing deflection considerably, and it was also
found that light preloads for fully-elastic races improved bearing life.

8. The actual bearing radial deflection for fully—ela;tic races has
been found to be larger than the theoretical radial deflection assuming rigid
races, by a factor of 1.3 to 2.0 for the combination of comparatively rigid
housings and shafts, up to 2.8 for very hollow shafts (e.g. no. 5), and up to
5.3 for weak housings (e.g. thin circular housing with part cruciform support.
The radial deflection of the bearing includes the body deflection of the outer
race, which largely depends upon the rigidity of the housing. For the housings
studied, the body deflection has been found to be 13% to 35% of the bearing racd-
ial deflectién for the comparatively rigid housings, and up to 85% for the weak
housings (e.g. thin circular housing with part-cruciform support).

9. At a certain value of shaft 'hollowness' the roller load distri-
bution attains its most uniform condition, and gives the lowest equivalent
radial load (i.e. maximum life) for the bearing. This condition was found to
be at an inner-to-outer shaft-diameter ratio of about 0.7.

10. Ribs in the housing have been found to have comparatively little
effect on radial roller bearing performance, and their effect decreases with
increase in the boss outer diameter.

11. Increasing speed has éhe effect of increasing the radial clearance
in the bearing.

12. Artificlally modifying the roller load distribution by relieving
the outer race of a bearing in comparatively rigid housings, has been found

to be effective in reducing bearing deflection and also increasing life to a
ggeater extent than is possible by preloading alone. Tri-lobed relief is

more effective than the bi-lobed form. The use of race relief is suitable

¥ which, +o alirst c\‘J?TO?timcx“\*fc-h, % fc-ﬂsor\a\o\ur 3M$H¥f€c{ for *Cedicl Qnous‘mag
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only for bearings having a constant, or fairly constant, direction of the
external radial load.

13. From the point of view of life it is found to be better to design
the housing in such a way that the major axis of the deflected outer race
shape is in the direction of radial load. Stiffening the housing (i.e. by
using ribs) at and around 45° positions to the radial load is found to be

more effective than stiffening at the 0° position. A housing which is
relatively stiff at the 0° position and weak at about the 45° position is found
to have an adverse effect on the bearing life due to very peaky roller load
distribution.

14. From the analysis of a circula; housing on rib supports it was
found that an upright cruciform support should be avoided; if it must be used,
the housing outer-to-inner diameter ratio should be equal to or greater than
about 1.5. Diagonal cruciform support is found to be preferable, and the
opfimum outer-to~-inner diameter ratip is about 1.5, for lowest equivalent radial
load (i.e. highest 1ife). For very heavily preloaded bearings this ratio is
somewhat lower. The deflected shape of outer race for diagonal cruciform sup-
port is found tp be similar to the case of tri-lobed relief.

15. The 'correction' factors K, and Kb for different types of housing

and shaft comblnations are plotted in Ehe respective sections. Actual bearing
radial deflection and body deflection of the outer race for bearings with fully-
elastic races can be found by multiplying the theoret&cal bearing deflection
assuming rigid races (which can be obtained by calculation or by using the nomo-

grams), by the appropriate value of K, and Kb respectively.

t

8.2 SUGGESTIONS FOR FURTHER WORK

The following are the suggestions of the author for further inves-
tigation in this field.
(1) The radial clearance of a bearing under actual operating conditions
depends upon the temperature distrikution in the bearing and its immediate sur-
roundings. Usually the shaft and inner race ring of a bearing operate at a
higher temperature than the outer race ring and housing. This temperature
gradient between the inner and outer race causes a reduction of the radiél
clearance in the bearing. In an experiment Opitz et al. (3) found that an
operating radial clearance of -5 um (-0.2 thou) to be equivalent to a mounting
setting of +5 pum (40.2 thou) radial clearance. Therefore, it is important

to consider the temperature distribution in the bearing assembly to find its
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characteristics under actual operating conditions.

Temperature distribution in a bearing application under
steady-state conditions can be calculated from the heat generation due to
frictional losses and the heat transfer analysis. A numerical method of
calculating the temperature distribution has been produced by Harris (e.g.
reference 12) and a computer program based on this method has been developed
by SKF (The Skefko Ball Bearing Cd., Ltd.) and described in reference 47 by
Fernlund et al. After finding the temperature distribution it can be intro-
duced into the finite element program FINELM (which will require some small'
additions) to find the performance of the bearing under actual operating con-
ditions.

(2) It is difficult to know the exact radial clearance present in a
beéring when mounted. If the outer and inner race rings are considered separ-—
ately from the housing and shaft respectively in the finite-element program,

and the interference between the housing and outer race ring, and that between
the shaft and inner race ring, are supplied as daia, it would be possible to
find the actual radial clearance in the bearing and also theibearing radial and
component deflections, roller load distribution, and the deflected shapes of

the races. This form of‘cbmputer prograﬁ would be of more practical use.
Another advantage of this form of computer program is that it will be possible
to consider the geometrical imperfections of-the bearing races, shaft and housing.
The chief drawback will be in the time required by the computer. This would be
greater than that required in the present investigation, because iterations

would be necessary at three boundaries, instead of one, namely:

(a) between the housing and the cuter race ring

(b) between the shaft and the inner race ring

(c) between the two races separated by the rolling elgments.

(3) It would be interesting to consider the shaft ashaxi—~symmetric body

in the finite element analysis. It is possible to consider the axi-symmetric
body with non-axisymmetric load distribution (i.e. each individual rolling
element loads) by employing Fourier series to distribute the load and deflection

of the nodal points in the finite-element aﬂalysis.
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Fig. 1.1 (a) Deflection of a beam oﬁ elastic supports.
(b) Deflection of the beam-on-elastic-supports plotted
as a function of the distance between bearings.
( from Opitz(l) )
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Fig. 1.2 (a) Effect of bearing stiffness on the compliance of
a spindle-bearing system.
(b) Front bearing stiffness-optimum bearing spacing
relationship. ‘
( from Opitz et. al.(3) )
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Fig. 1.3 (a) Static spindle deflection as a function of clearance.
Radial clearance of rear bearing is constant at 2u.
(b) Static and dynamic deflection of a lathe.
(c) Damping and resonance amplitude against clearance.
( from Opitz(1l) ) '
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Fig.2.1 gurface-stress distribution between two cylindrical

bodies in contact.
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Fig., 2.2 Width of contact area for steel roller loaded
between flat steel platens, by Hertz's formula.
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Fig.2.3

Width of contact area for Araldite roller loaded

between flat Araldite platens, by Hertz's formula.
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Fig. 2.4 Comparison of different deflection formulae for
line contact. Deflection given by the approach of two flat
steel platens when a steel roller is loaded between them.
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132
Comnarison of different deflection formulae for line

contact. Deflection given by the apvroach of two flat Araldite

platens when an Araldite roller is loaded between them,
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Fig., 2.6 Deflection of hollow rollers; 33

(a) deflection of a hollow roller as a cylinder,
(b) total deflection given by the mutual avproach of two
flat platens, when a hollow roller is loaded between

them.
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lAd
d-Ad
d
(b) Jf’ 'S
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Fig. 2.7 Comparison of total deflection of hollow and solid

Araldite rollers pressed between two flat Araldite platens,

using Féppl's formula.
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- Pig. 2.8 (a) Bearing with positive clearance. -

(b) Bearing with interference (preload).

(d)
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Fig. 2.9 Deflection and load distribution in a radial rolling

bearing with zero clearance and ideal geometry.

According to Stribeck,
+1 f+1
1R :1+2(C05t p+Cos 2¢ + - )Z Z15¢
where, ¢ =2T7/Z, Z=-number of rolling elements,

S¢ =load sharing factor.

Theoretical load distribution among rolling elements

Magnified deflections at different rolling element positions
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Fig. 2.10 Roller load distribution in a radial rolling bearing
with play or interference, assuming the geometry to be otherwise
perfect.
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Fig.2.11 General case of imperfect geometrical shape and
dynamic loading due to high speed condition in a radial rolling
bearing.




Fig., 3.1
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Variation of load zone factor € with radial load

for different radial clearances of a radial roller bearing

with rigid races. Number of rollers, Z=20.
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Fig. 3.2 Variation of load zone factor € with radial clearance
for different radial loads of a radial roller bearing with

rigid races. tumber of rollers, Z=20.
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Fig. 3.3 Deflection vs. load curve for bolt and spacer

system.
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FPig. 3.5 Dimensionless deflection against dimensionless
radial load for different radial clearances of a radial roller
bearing with rigid races. wumber of rollers, Z=20.
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Fig. 3.7 Dimensionless deflection against dimensionless
radial clearance for different numbers of rollers of a
radial roller bearing with rigid races. Radial load,
Er=4000 1bs.
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Fig. 3.8 Dimensionless deflection against number of rollers
for different radial loads of a radial roller bearing with

rigid races. Radial clearance,

c=0.
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rig. 3.9 Roller load distribution in radial roller bearings
having rigid races with different radial clearances.
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Fig. 3.10 Variation of peak roller load with radial load
for different radial clearances of a radial roller bearing

having rigid races. Number of rollers, 7Z=20.
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Fig. 3.11 Variation of dimensionless peak roller load with

dimensionless radial clearance for different radial loads

of a radial roller bearing with rigid races.
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variation of dimensionless peak roller load with

Pig, 3.12

dimensionless radial cledarance for different numbers of rollers

in a radial roller bearing with rigid races.
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Fig, 3.13 Variation of load sharing factor with dimensionless

radial load for different radial clearances in a radial
roller bearing with rigid races. Number of rollers,Z=20.
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rig. 3.14 Variation of load sharing factor with dimensionless
radial clearance for different numbers of rollers in a radial
roller bearing with rigid races.
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Pig. 3.15 variation of dimensionless incremental stiffness

with dimensionless radial load for different radial clearances
in a radial roller bearing with rigid races. Number of rollers,
2=20. '
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Pig. 3.16 Variation of dimensionless incremental stiffness
with dimensionless radial clearance for different radial
loads in & radial roller bearing with rigid races. Number of
rollers, 72=20.
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Fig. 3.17 Variation of dimensionless incremental stiffness
with dimensionless radial load for different numbers of rollers
in a radial roller bearing with rigid races. Radial clearance,
¢ = -=0.3 thou.
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Fig. 3.18 Variation of dimensionless incremental stiffness

with dimensionless radial clearance for different numbers of
rollers in a radial roller bearing with rigid races. Radial
load, Fr= 4000 1bs.
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Fig. 3.19 variation of average stiffness with radial load
for different radial clearances in a radial roller bearing with
rigid races. number of rollers, Z = 20.
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Fig., 3.20 Variation of 1life with radial load for different
radial clearances in a radial roller bearing with rigid races.

#umber- of rollers, %=20.
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Fig. 3.21 Variation of life with radial clearance for
different radial 1loads in a radial roller bearing with
rigid races. Number of rollers, Z=20.
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Fig. 3.22 Variation of life-with radial clearance for
different numbers of rollers in a radial roller bearing
with rigid races.Radial load, F_=6000 1bs.
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*
Fig. 3.23 Nomogram for determining ¥ from Z,{ and F, for
radial roller bearings with rigid races.
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Fig, 3.24 HNomogram for determining the extent of loaded

*
zone factor €, from F (found from fig. 3.23) and radial
clearance c,of radial roller bearings with rigid races.
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Fig. 3.25 Nomogram for determining the radial deflection Sr
_X<

of radial roller bearings with rigid races, from F (found

from fig. %.23) and the extent of loaded zone factor &€ (found
from fig. 3.24).

thou

Note: &,is the radial deflection of a bearin-
given by the deflection of the inner race

' from centered vosition in the outer race. For
0~ positive clezarance bearings, to get the radi-
deflection after the peak roller is loaded
the radial clearance ¢ is to be subtracted
from &, obtained from the nomogram.
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Fig. 3.26 Variation of load sharing factor Sf and

(Plz/Fr) with the extent of loaded zone factor €, of
radial roller bearingswith rigid races.
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*
Fig. 3.27 YNomogram for determining ¥ from Z2, 4 and Fr

for radial ball bearings with rigid races.

d is the diameter of ball.
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Fig. 3.28 Nomogram for determining the extent of loaded

gzone factor €, from P (found from fig.3.27) and radial

clearance c¢, of radial ball bearings with rigid races.
For €<1.0.
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"Tig. 3.29 Nomogram for determining the extent of loaded
_‘\(.

zone factor €, from F (found from fig.3.27) and radial

clearance ¢, of radial ball bearings with rigid races.
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FPig. 3.30 Homogram for determining the radial deflection

¥*
ér’ of radial ball bearings with rigid races from ¥ (found
from fig.3.27) and the extent of loaded zone factor €,
(found from fig.3%.28 or 3.29). For'SISZZ.O thou.

—2.0

d

r
For ball bearings (thou )

Note: &_ is the radial deflection of a bearing given by the defl-
ection Bf the inner race from centered position in the outer race.
For positive clearance bearings, to get the radial deflection
alfver tne peak vall is loaded the radial clearance c¢ is to te
subtracted from brobtained from the nomogran.
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Fig. 3.31 Nomogram for determining the radial deflection

A ér’ of radial ball bearings with rigid races from F* (found
from fig.%.27) and the extent of loaded zone factor €,
(found from fig.3.28 or 3.29). For 5 > 2.0 thou.
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Fig, 3.32 Variation of load sharing factor and (P,%Z/F.)
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Fig. 4.1 Calibration specimens and gauge lengths.
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Elongation,

_thou.

Fig.

4.2
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4 typical vlot of elongation vs. gauge length

to find the Young's modulus of the model material.
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modulus,

Young’'s
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Fig., 4.3 Variation of Ycunz's modulus of roller
material with revpeated heating. 211 roller and platen

mocdels were previously stabilised.
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Deflection,
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Fig. 4.5 ZExperimental results for calibration of
sclid Araldite roller between Araldite platens.
(Width of platen= 0.616 in. Thickness of platen= 0,545in.)
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Fig. 4.6 Experimental results for width of contact
area for solid Araldite roller loaded between Araldite
platens. "

(Width of platen= 0.616 in. Thickness of platen=0,545in.)
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Fig. 4.7 Experimental results for calibration of hollow

Araldite roller between Araldite platens.
(Width of platen= 0.616 in. Thickness of platen=0.545in.)
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Fig. 4.8 Experimental results for width of contact

178

area for hollow Araldite roller loaded between Araldite

platens.

(Width of platen=0.616in. Thickness of platen=0.545in.)
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Fig. 4.9 Experimental results for calibration of
solid Araldite roller between Araldite platens.
(Width of platen=0.450in. Thickness of platen=0.545in.)
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Fig. 4.10

Experimental results for width of contact

180

area for solid Araldite roller loaded between Araldite

platens.

(Vidth of platen=0.450in. Thickness of platen=0.545in.)
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Deflection,

Fig. 4.11 Experimental results for calibration of
hollow Araldite roller between Araldite platens.

181

(Width of platen=0.45in. Thickness of platen=0.545in.)

Ad= compression of the diameter of the roller as a

cylinder.
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Fig. 4;12 Experimental results for width of contact
area for hollow Araldite roller loaded between Araldite
platens, ,

(Width of platen=0.450in. Thickness of platen=0.545in.)
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Fig. 4.13 Experimental results for calibration of
solid Araldite roller between aluminium platens.
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Pig. 4.14 Experimental results for calibration of

hollow Araldite roller between aluminium platens.
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Fig. 4.15 Effect of edge loading of a roller loaded on
platen wider than the length of the roller.
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Fig. 4.16 Experimental set-up for loading the complete

Araldite radial roller bearing model in a temperature
controlled oven. h

A ' -

\ 2

Scale: 1/4 full size.







Dimensions at room temperature,

outer race track diameter = 2.99963 in.(7619060mm.)
inner. race track diameter = 2.41976 in. (61.46190mm.)

diameter of rollers =0.3000in.(7620mm.)

radial interference in the bearing =001006 in.(02555mm.)
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temperature.

Outer race heated to 140°C.
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*Iopow JuTaeaq JI8TTOI [BTIpEI

8TV "I1d

21 TPTRIY 8yg Ul proread JFuTuleiqo JO DPOYLIIW

88T



. 8
Fig. 4.19 (a) Markings on the outer and inner races for 183

measurenent of deflection of the bearing.

(b) Components of the outer race deflection.
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Fig. 4.21 Fixture to hold the bent shaft on the Talyrond
table so that, the axis of the inner race track is
perpendicular to the table top-surface.

Scale: Full size.
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Pig. 4.22 Roller load distribution, as obtained by

experiment,

192

in an Araldite radial roller bearing having

radial clearance c= -0.010 in., radial load Fr=9’5 lbs.

and number of (solid) rollers 7Z=20.
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Fig. 4.23 Deflected shape of outer race of an Araldite

radial roller bearing with 0.010 in.(0.254mm) interference
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Fig. 4.24 Deflected shape of inner race of an Araldite

radial roller bearing with 0.010 in;(0.254mm) interference
fit. Radial load ¥ = 9.5 1bs.(42.26 N).

(a2) Talyrond chart of experimental model.

(b) Calcomp (graph-plotter) chart of finite element model.
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chart of the
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Fig. 5.2 (a) An arbitrary rolling element load distribution in a

radial rolling bearing. (b) Percentage increase in life of a radial
roller bearing having equivalent radial load Pr and radial load F_,

compared to a zero clearance, rigid race bearing having the sam;
radial load Fr'

(a)

40 ' ! '
Percentage increase in life of a bearing having
equivalent radial load, B and radial load
» E. compared to a zero clearance, rigid
20— race bearing having the same radial load 1

-l—1 1! x100
(R/E)HP

where, p=4 for bearings having line
O contact.
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Pecrcentage increase in life

S
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Fig. 6.1 TFinite-element mesh for calibration of an Araldite
roller loaded between two flat Araldite platens.

Thickness=0.45 in.

0.15in.

O.4in.

0.4 in.




o thou.

Deflection,

Fig. 6.2

Total deflection given by the approach of two flat
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Araldite platens when an Araldite roller is loaded between
them, and also roller and platen deflectionsas obtained tv
finite-element method. Comparison .
formula and experimental results,

with theoretical (Palmgren's)

BC deflection of the point at the centre of contact areaq,
on the platen surface.
3,  deflection of a point at 015 in. from the centre of
contact area, on the surface of the platen.
50
-1.2
mm /
45 -
4005 /
I i - . /
Kq—Tbtoldeﬂechon(-érO”QFQXBC) /
35 by Finite Element Method(FE.M) //
-0.8
30
25
-0.6 Deflection by Palmgren’s

>///\

L

formula

10

Load, Ibs.
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Fig. 6.3 Deflected shape of Araldite roller and platen

-assembly as obtained by finite-element method for a load

(22.2 N)

of 5 1bs.
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Fig. 6.4 lesh used in finite-clement analysis of Avaldite 200
radial roller bearing race rings with housing and shaft.Meshes
near contact areas between radial lines a and b on the outer
and inner races are shown in the next two pages.
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Fig. 6.5 Mesh near a contact area of the outer race between

radial lines a and b of fig.6.4 for Araldite radial roller
bearing.

in.
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0.012

0.008 |
0004 I

Scale: 0O 0.05in.
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Flg. 6.6 1esh near a contact area of the inner race between

radial lines a and b of fig.6.4 for Araldite radial roller
bearing.

0.03

0.016

0.012

10.008
1000

-

Scale: O 0105 in.
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Fig. 6.7 Roller load distribution in the Araldite radial

roller bearing with 0.010 in.(0.254mm) interference and a
radial load of 9.5 1bs.(42.26 N) acting on it. Pigure shows
experimentally determined, and calculated load distributions,
using normal 'rigid race' assumption, and the fully elastic
condition evaluated by finite-element analysis.
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Fig, 6.8 Deflected shape of housing outer  boundary of the
Araldite radial roller bearing with 0.010 in.(0.254 mm)
interference and a radial load of 9.5 1bs.(42.26 N) acting
on it, as obtalned by finite-element analysis.
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One inch represents 4.0 thou. deflection
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Error inroller load distribution with respect to experimental results,
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Fig. 6.9 Effect of inner race core (i.e. shaft) thickness
of an Araldite radial roller bearing having radial clearance
c=-0.010 in.(0.254mm) and radial load Fr=9.5 1bs.(42.26 N),
on the error in roller load distribution (by finite-element
analysis), with respect to experimental results.
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RMS errorinload.dEtﬂbquh with respect to final iteration result,
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Fig. 6.10 Rate of convergence of roller load distribution
for an Araldite radial roller bearing with radial clearance
c= ~0.008 in. and radial load of Frz 9.5 1bs.
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Fig. 6.11 Effect of radial clearance on the'total radial
and component deflections, and Kt and Kb of an Araldite

radial roller bearing having a radial load of Fr= 9.5 1bs.

ar for flexible races bb for flexible races
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Fig. 6.12 Effect of radial load on the total radial and
component deflections of an Araldite radial roller bearing

at different radial clearances.
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and K.

Fig. 6.13 Effect of radial load on the factors Ky B

of an Araldite radial roller bearing at different radial
clearances.

br for flexible races Bb for flexible races
X

K Br for rigid races b br for rigid races

where, brzradial deflection, bb=bpdy deflection of outer race.
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Fig. 6.14 Effect of radial clearance on the non-dimensional
equivalent radial load‘(PT/Fr)
bearing having a radial load of 9.5 1lbs.

of an Araldite radial roller
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Fig. 6.15 Effect of radial load on the non-dimensional
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equivalent radial load (Pr/Fr)'of an Araldite radial roller

bearing at various radial clearances.

Assuming rigid races

Fully elastic races (by finite element analysis)
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Fig. 6.16 Effect of fully elastic races on the factor
(Plz/Fr) of an Araldite radial roller bearing.

Peak roller load.

P,=
1
Frz Radial load on the bearing.
Z = Number of rollers in the bearing.
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Fig. 6.17 Effect of fully elastic races on the non-dimensional
equivalent radial load (Pr/Fr) of an Araldite radial roller
bearing.
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Fig. 6.18 Roller load distribution in an Araldite radial

roller bearing having (a) radial load F.= 9.5 1bs., and

(b)_radial clearance c= -0.006 in.
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Fig. 6.19 Roller load distribution in an Araldite radial

roller bearing having (a) radial clearance c= -0.004 in., and

(b) c= +0.003 in.
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Fig. 6.20 Effect of shaft speed on the total radial and-
component deflections of an Araldite radial roller bearing.

Radial clearance,c=-10thou. Fully elastic races.

Radial clearance, ¢=0. Fully elastic races.

20 —
-0.5
- :ér: radial deflection /
18 . ——
1664 |
RNx11xxQ0 Fr:9'5 Ibs.
14
\Br assuming rigid races for ¢zO PSS Sl
;12 N S At '
a O3__\_|F -—— ————~—
K
+— \
0
10
)
c L ? -
e
o K—-é = outer race deflection 7
O 8 or -
. 0.2 ]
I N\ =
| —
- /
6 x
— | 3. assuming rigid races for c=-10thou
____________ ......A/..._r:_l__.___.T___._._....__....__L.___._....
/éir = inner race deflection
4ron 7 ]
\ e e
, T —
5 ‘5b: body deflection of outer race

o . .
0) 1000 2000 3000 4000 5000 6000 7000
Shaft speed, RPM.



Fig. 6.21 BEffect of shaft speed on the.non—diﬁensional
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equivalent radial load (Pr/Fr) of an Araldite radial roller

575

bearing.
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Fig., 6.22 Effect of shaft speed on roller load distribution

in an Araldite radial roller bearing having (a) radial
clearance c= -0.006 in. and radial load F .= 4.0 1bs. (b) c= 0O
and Fr= 9.5 lbs. :

- Bearing with fully elastic races at 6920 RPM
— Bearing with rigid races at 6920 RPM

o Bearing with fully elastic races at O RPM
e Bearing with rigid races at O RPM
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‘Fig. 6.23 Effect of shaft speed on roller load distribution

]

in ah Araldite radial roller bearing having a radial load
of 9.5 1bs. and radial clearance (a) c¢= 0, and (b) e= -0.010in.

Angular

position of roller,

2.2 - - _
) 20% RN-110000 F.z9.5Ibs.
2 N R T
8 A Fully elastic races. .
1.6
o \
)
o L6 \
A \
o 12
S \
£ AN
5 la Q\
T 08 \
]
9 \\\
5 N\
= 04f2 \\‘
@ \
\ RPM
(a) AR [ e 0
0 N e T p—— 1730
2413 -— 3460
b - 5190
JQ\\\\\ 6920
1 2.0 A
) . ~ < W T T T T
0
E \\\\\\ RN-111000  E 9.5 Ibs.
o= 8 \\ \\ Fully elastic races.
¢ 1.6 \\\\\\\
5 AN
~ NN
L -6 AN
c \ N
£ 12 \ N
-+ \4\\\\\\\
o \\
_4 N
© N O
g 08 \\:\\i\\
N :\‘\
Er_‘j 04—2 ’ \\ - TK\\\\‘\\\ _
. \\ \1 \QL‘L—;—;.—:
’ \\\ - —_ ]
(b) \ ——
O
0] 18 36 54 72 S0 108 126 144 162 180



2. Deflected shape on 1. Initial shape of
application of load. outer race,

4. Final relieved shape 3.Machined shape under
Q after unloading. applied load.
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Fig. 6.25 Effect of the amplitude of outer race relief on
the radial deflection (Br) and non-dimensional equivalent
radial load (%?/Fr) of an Araldite radial roller bearing.

Radial clearance, c=-10thou(RN-11100x)tri-lobed outer race relief
- c=-6thou (RN-11060x ), tri-lobed outer race relief.
¢ =-10 thou.(RN-11100x), bi-lobed outer race relief.
_________ c=-6 thou (RN-11060x), bi-lobed outer race relief.
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Fig. 6.26 Comparison between Araldite radial roller bearings

having preload and relieved outer race and bearings having

only preload, on the basis of non-dimensional decrease in
radial deflection  and equivalent radial load.

Subscript ‘A’ stands for bearing with fully elastic races having zero
clearance and no relief (RN-110000),and ‘B’ for the following bearing with
fully elastic races: ’

RN-110602, outer race relief is tri-lobed.
- RN-110602, outer race relief is bi-lobed.
—— RN-110600.
_________ RN-110400.
06 T T 0.06
RN-11xxOx RPMz0 _
05 \ 005
\ of
1 o
04 S N N A
~ SO~ - ~
@L \\\ "\ oL
. D
03 A< \\\<o.03
. /7/‘ ~ >K\\\\>
/7 ~ =N
/ / \\\\
/ 1 . .
0.2 /" /' 002 .8
/ / 9
O
/ s
rl L
O
| S
00 T 000 2
T o
',' IL—- £
-0 -001 §
T ] 2
[ | O
I ] [ S
L 0
-02 —f -002 _
N 5
I | I}
| I 2
®
03 ! ! 003 ¢
I =N
] 5
10 o0 | 30 40 50N z
_04 N A ] A ' 1 -004
0 2 4 6 8 10 12
Radial load, F Ibs.



decrease in radial

. Non-dimensional

(Br‘)A

deflection,

Fig. 6.27 Non-dimensional decrease in radial deflection
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and equivalent radial load for Araldite radial roller bearings

having different radial clearances and amplitude of outer

race relief.

Subscript A’ stands for bearing with fully elastic races having zero clearance and
no relief (RN-110000),and B’ for the folloning bearing with fully elastic races:

RN-111005, outer race relief is tri-lobed.
— RN-111003, outer race relief is tri-lobed.
—_— RN-110002, outer race relief is tri-lobed.
______ RN-111003 , outer race relief is bi-lobed.
_________________ RN-110001, outer race relief is bi-lobed.
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Fig. 6.28 Roller load distribution in (a) three Araldite rolier
bearings having radial clearance c= -0.006 in., one with no

outer race relief and the other two with tri-lobed and bi-lobed
outer race relief (amplitude 0.003 in.), (b) a bearing having

c= -0.010 in. and tri-lobed outer race relief (amplitude 0.005in.)
at different radial loads.

Fully elastic racs.
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10 Radial lead, l:r, =9.5 |bs. RPM:z=0O
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Fig. 6.29 Comparison of roller load distribution between
Araldite radial bearings having (a) tri-lobed,

outer race relief (amplitude 0.002in.) and bearing having
no outer6race relief. All the bearings have radial clearance
¢c= ~0.006 in,

RPM=0 Fully elastic races.

(b) bi-lobed
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Fig. 6.30 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= —0.006 in. and
radial load Fr= 4.0 1bs. : ' '

QUTER RACE INNER RACE

ONE DIV REPHESENTS .50 THOU | ~ ONE DIV REPHESENTS .50 THOU
BESRING NO BN--11060C LOAD: U.0 LBS APM= G BEARING NO AN 110500 LORD” 4.0 LBS  APM= O

Fig. 6.30

9¢¢



Fig. 6.31 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= -0.006 in. and

radial load Fr= 9,5 lbs.

OUTER RACE
UNE DIV REPHESENTS .50 THOU
BLAAING NG AN -1106C0 LORD: 9.5 1BS APM= O

INNER RRCE
ONE DIV REPRESENTS .50 THOU
BEARING NO RN -11060C LORD: 6.5 LBS APM= O

Fig. 6.31

Lee



Fig. 6.32 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= 0.0 in. and
radial load F = 9.5 lbs. ' ' '

fﬁ) /\

v;lJ_J'

CUTER RACE INNER RGACE
ONE DIV REPACSONTS .50 THEU | ONE DIV ROPRESENTS .50 THEU

BEARING NO AN -110000 LOAD: 4.5 1LBY APM= O ‘BEGRING Nf AN -110000 LURD: 9.5 L3S APM= O

Fig. 6.32
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Fig. 6.33 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c=+0.003 in. and
radial load Fr; 4.0 lbs. ’

QUTER RACE INNER RACE -
ONE DIV REPRESENTS 50 TH ~ ONE DIV FEPHESENTS .50 THOU
BEAAING NORN 150300 LOAD: 4.0 LBS APMz 0 BEGAING NO BN 110300 LOAD: 4.0 1BS APMz O

'ig. 6.33
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Fig. 6.34 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= +0.003 in. and
radial load Fr= 9.5 1bs. : ‘ : :
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Fig. 6.34



Fig. 6.35 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= -0.006 in. and
radial load Fr= 4.0 1lbs. Shaft speed is 6920 R.P.M. .

QUTER RACE | INNEZR RACE
ONE DIV REPRESENTS .50 THOU © ONE DIV REPHESENTS .50 THOU
| BESRING NO RN -110800 LBAD: 4.C 1BS APM= 6320 BEARING NCI AN -110500 LOHD: 4.0 LHS A"z §920

T¢e

Fig. 6.35



Fig. 6.36 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= 0.0 in. and
radial load Fr= 9.5 lbs. Shaft speed is 3460 R.P.M. :

OUTER RACE A ) INNER RACE
ONE D1V REPRESENTS .50 THGU ‘ ONE D1V REPRESENTS .50 THOU

BEARING NC AN -11000C LCADZ 9.5 1BS  APH=3160 BESAING NG RN -110000 LOAD: 9.5 1BS RAPM=3U60

Fig. 6.36
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Fig. 6.37 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= -0.006 in. and
radial load Fr= 9.5 lbs. Outer race has tri-lobed relief with amplitude 0.002 in.

CUTER RACE INNER RACE
ONE DIV REPRESENTS §.50 THOU " ONE DIV REPRESENTS G.50 THOU

BEARING NO RN-110602 LOAD=3.5 LBS RPM=0 BEARING NO RN-110602 L0ARO0=35.5 LBS RPH=0

Fig. 6.37
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Fig. 6.38 Deflected shapes of the races of an Araldite radial roller bearing having radial clearance c= -0.010 in. and
radial load Fr= 4.0 1lbs. Outer race has tri-lobed relief with amplitude 0.005 in.

CUTER RACE

GNE DIV REPRESENTS 0.50C THOU

BEARING NO RN-111C00% LORD=4.0

LBS

RPM=0

INNER RACE
ONE D1V REPRESENTS 6.5 THOU
BEARING N RN-111605 LOAD=4.0 LBS

RPM=0

Fig. 6.38
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FPig. 6.39 Deflected shapes of the races of an Araldite radial roller bearing havihg radial clearance c= -0.006 in. and
radial load Fr= 9.5 1bs. Outer race has bi-lobed relief with amplitude 0.002 in.

OUTER RACE INNER RACE
ONE. DIV REPRESENTS G.50 THOU ‘ ’ ONEF 01V REPRESENTS §.%0 THOU
BEARING NO RN-110502 LLCAD=9.H 1.BS RPM=0 BESRING NG RN-1105%07 LCERD=9.Y% 1.BS RPM=U

Fig. 6.39
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Fig. 7.1 IFinite-clement mesh for

calibration of a steel roller loa-

ded between two flat steel platens.

Thicknessz 0.45in.

015in. Detail of the
mesh near
contact area.
' h—————1()thou:———;*
Y
I
0.4in

0.4in.
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Total deflection according to formula given by,

Curve no.

237

Fig. 7.2 Total deflection given by the approach of two flat
steel platens when a steel roller is loaded between them, and
also roller and platen deflections as obtained by finite-ele-
ment method. Comparison of total deflection by finite-element
method with different deflection formulae.
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near the contact

Meshes

~,

Finite-element mesh for steel radial roller bearing

areas between radizl lines a and b on the outer and inner

race rings with housing and shaft.
races are shown in the next two pages.

Fig. 7.5

10.0 in.

5.0in.

A( / \V/\\
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Fig. 7.4 Mesh near a contact area of the outer race between

radial lines a and b of fig.7.3 for steel radial roller
bearing.

Thickness = 0.45in.

thou.
4.5
A}_'
2.5
1.5_____/
SER S
© F‘\ N
10.0
l%ésh of the shaded area

b—uo

Scale: 0.00 005 0.10 in.
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Fig. 7.5 HMesh near a contact area of the inner race between

radial lines a and b of fig.7.3 for steel radial roller
bearing.

Thickness=0.45 in.
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rig. 7.6

properties,

thickness and body force per unit volume.
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and shaft. Elements within each region have constant elastic

Wumbering the regions in the race rings, housing
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°/o Change of bearing component and total

deflections and

load.

equivalent radial

Fig. 7.7
component deflections, and equivalent radial load vs. the

Percentage change of bearing total radial and

2472

ratio of the thickness of outer race shear area to the length

of the rollers.

4

-12

1.

inner race deflection

I
Equivalent load

—
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1.5

1.0

K o Ky oand 3 /5

0.5

0.0

24
Fig. 7.8 Variation of Kir Ky and (éor/éir) with the ratio

of the thickness of the outer race shear area to the length
of the rollers.

d_ for flexible races 5, for flexible races
K =t R A ,
br for rigid races 6r for rigid races

= outer race deflection, bir: inner race deflection,

d
or
C?T= radial deflection, bbz body deflection of outer race.
:::::::::———; | B‘}/é.
— | or/ ~ir
~‘~‘“_‘_~“~“‘_“
Ky
RS-220600
f? = 50001bs.
RPM=0
\
. | b

1.0 .15 2.0 2.5 ‘ 3.0 3.5 4.0

Thickness of outer race shear area
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"ig. 7.9 Types of housings with outer race ring and shafts

§
.7..‘..//, o . . m v.,/,./,,,ﬂoz $:
//// Y MANN
W// g ,v \ N
_ 7//// S\

R

A
///MM/V NN _

V] wv . . ’ _.m o
_ frgeny - RSRNGNAAN Y . -

1 3¢ ({=045in.)




245

R

pe

NN

FPig. 7.10 Some other types of housings with outer race

ring considered for the steel radial roller bearings.
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Fig. 7.11 Rate of convergence of roller load distribution
for bearing number RS-220600 for different values of FCTR.
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Fig. 7.12 Rate of convergence of roller load distribution
for bearing number RS-250600 for different values of FCTR
and FCTR1.
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to converge below RMSerror
in load distribution.

Number of iterations required
1.0 1b.

Number of iterations required to
load distribution.

converge below RMS error 30 Ibs.

in

, S 248
Fig. 7.1%2 Finding the value of FCTR for most rapid convergence

of roller load distribution for bearing numbers (a) RS-220600
and- (b) RS-250600. :
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Fig. 7.14

Compafison of total radial and component deflec-

249

tions obtained by finite-element method with those obtained

by assuming rigid races,of a steel radial roller bearing

(RS-220200).

r

1500 T T ///
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1000
£
5 :
- 8001553
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/4/ \éirand aor assuming rigid races
/ ) .
y— 10 | 20 - 30 | kN
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Radial load, F.  Ibs. =




Fig. 7.15 Variation of total radial and'component-deflec—
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tions of a steel radial roller bearing with radial load for
different hollowness of the shaft.

Shaft inside to outside diameter ratio

00, -~ 0.651, —cm— e —mee o 0.837.
1500 . - .
RS- 220200 K / /
1400f ~ RS- 240200 / 7
' /
———————— —RS$-250200 -y /
/
RPM=0 /
/
/
1200 I / )
003 y / 7/
mm / . //
/I /
/ / g
/
1000 / / i
1 _
-/ / 7
5 7 / /
o/ | o ér e
£ 800
3
'/.0 .
g ir ~
¥ 600 P
® ) //
0 /
(&) / _ -
400 =
ab
200
O L 20 . 3'0 kN
0 4000 6000 8000

Radial load, Fr

[bs.



251

-

Fig. 7.16 Total radial and body deflections of a steel

radial roller bearing with housing number S 2 plotted
against radial clearance for different shaft hollowness.

= radial deflection,

0
4, = body deflection of the outer race.
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7.17 Variation of total radial and component deflections

of a steel bearing with the inner to outer diameter ratio of

the shaft for different radial clearances.

2200 i T
RSx2xxx Q0 $:5000b& RPM=0
2000} '&,, total deflection € 2000 uin
005 ‘
éw,ar.deﬂecﬂon //
1800} - al.r, i.r. deflection /
‘ 0
________ éb,body deflection //
1600_004 £
mm ‘ .
4////////4
1400 i
& 1200 ] /
= . 0.03 [,
3
1000 /
S r, 0
e / // -600
2 800t503 7
a /
/ f
// / i - 600
600 - S—
- o S , |
— - N < ! - R
400F551 5 _7%/“%
' i // \/-600
=" 600
200 i e
' for all clearances
0
0 0.2 0.4 0.6 0.8 1.0

Inner to outer diameter ratio of shaft



253

Fig. 7.18 Variation of non-dimensional equivalent radial
load (Pr /Fr) of a steel bearing with radial clearance for
different shaft hollowness.

1.17 . I ]
RSx2x xx00
F.=50001bs. RPM=0
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no. diameter ratio
of shaft.
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Fig., 7.19 Variation of non-dimensional equivalent radial

load (Pr/Fr) of a steel bearing with inner to outer diarme-

ter ratio of shaft, for radial clearances e= 0 and -200 ain.
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Fig. 7.20 Variation of non-dimensional equivalent radial
load (Pr/Fr) of a steel bearing with radial load for diff-

erent shaft hollowness.
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Kt and Kb‘
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Fig. 7.21 Variation of Kt and Kb'for a steel bearing with

radial clearance for different shaft hollowness.

br for flexible ra
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Fig. 7.22 Variation of Kt and Kb of a steel bearing with o1
radial load for different shaft hollowness.
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Fig. 7.23 Effect of high speed on non-dimensional equivglent

radial load (Pr/Fr)’ outer to inner race deflection ratio

1, - T £ . o : . b
(bcr/éir)’ K, and X of a steel bearing with hollow shaft
(inner to outer diameter ratio 0.837).
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Fig. 7.24 TIoad distribution among the rollers of a steel
bearing with different hollowness of shaft and having radia
clearance (a) c= ~-600 nin., (b) ec= =300 nin.

Inner to outer diameter ratio of shaft no. 2 is 0.0,
3 is 0.372, 4 is 0.651 and 5 is 0.8%7.
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(a) Angular position of roller, Wo
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Fig. 7.25 Load distribution among the rollers of a steel
bearing with different hollowness of shaft and having radial
clearance (a) c¢= 0 min. (b) c= +600 uin.
Inner to outer diameter ratio of shaft no.2 is-0.0,
3 is 0.372, 4 is 0.651 and 5 is 0.837.
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Deflection,

Fig. 7.26 Effect of other holes in the housing on the

total radial and component deflections of a steel bearing
with solid shaft.

. = bearing radial deflection
borz outer race deflection
birz inner race deflection

Bb = body deflection of outer race.
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Fig. 7.27 Effect of other holes in the housing on the

non-dimensional equivalent radial load (Pr/Fr) of a steel

bearing having solid shaft.
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Kt'and Kb
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Pig. 7.28 Effect of other holes in the housing on Ki and Ky

for a steel bearing with solid shaft.

br for flexible races bb for flexible races
K. =
’ b

Kt=

o, for rigid races Br for rigid races

where, 6r= radial deflection and 6b: body deflection of outer
race.
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Fig. 7.29 Effect of other holes in the housing on the roller
load distribution in a steel bearing with solid shaft and

radial clearance (a) c= -600 nin.,

(b) e= =300 nin.

Housing no. S 2 has no hole, 3 3 has_hole at OO, S 4 has

to radial lcad.

holes at 45° and S % has holes at 20

1200

Fr‘: 50001ibs. RPM=0
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Pig. 7.30 Effect of other holes in the housing on the roller5
load distribution in a steel bearing with solid shaft and

radial clearance (a) c= 0O,

Housing no. S 2 has no hole,

holes at 45

(b) c= +600 ain.

and S 5 has holes at OO

S % has hole at O
to radial 1oad.

S 4 has

(b)

Angular position of roller, yj

1100 : : :
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Fig. 7.31 Effect of other holes in the housing on the total

radial and component deflections of a steel bearing.with
hollow shaft ( no. 4 ).

'br = bearing radial deflection

bor: outer race deflection .
birz inner race deflection ‘_

bb = body deflection of outer race
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Fig. 7.32 Effecﬁ of other holes in the housing on the

267

-non~-dimensional equivalent radial load (Pr/Fr) of a steel
bearing having hollow shaft (no.4).
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Fig. 7.33 Effect of other holes in the housing on Kt and Kb

of a steel bearing with hollow shaft (no.4).

br for flexible races Bbfor flexible races
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Fig. 7.4 Effect of other holes in the housing on the roller

load distribution in a steel bearing with hollow shaft (no.4)

and radial clearance (a) c= =600 min., (bB) c= +600 nin.
Housing no.S 2 has no hole, S 3 has hole at Oo, S 4 has
holes at 450 and S 5 has holes at 900 to radial 1load.

Angular position of roller, %f
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Fig. 7.35 Effect of boss radial thickness on the total
radial and component deflections of a steel bearing with
solid shaft.
0. = bearing radial deflection
T .
borz outer race deflection
Bir: inner race deflection
v, = body deflection of outer race.
b .
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°/o decrease in S.compared with the

°lo decrease in dycompared with the

case of housing with no boss(S 2)
o

Fig. 7.36 Effect of radial clearance on the decrease in 271

total radial (9,) and body deflection of outer race (D, )
compared with the case of housing with no boss, for a steel
bearing having solid shaft, for different outer to inner
diameter ratio of boss.
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Fig. 7.37 Effect of boss radial thickness on the non-dimen-
sional equivalent radial load (Pr/Fr) of a steel bearing

having solid shaft.

117 ' 1.32
115 / 1.30
"1.10 1.25
L A R R B il
Fr =" F
1.05 1.20

: RSxx2xx00 F?:5OQOIb& RPM=0
~ Radial clearance, ¢
-600 Muin
- -300 win.
- 0
_________ + 600 uin
1.00 1.15
e
/ b
0.95 ' 110
10 1.2 1.4 16 1.8 2.0

Outer to inner diameter ratio of boss



'K and K_

2.0

m ________ e + 600 Min.
1.6 =

1.2

0.8

0.0

- 273
Pig. 7.38 Effect of boss radial thickness on Ky and Ky

of a steel bearing with solid shaft.

ér for flexible races Bb for flexible races
T L K=

Kt=

ér for rigid races br for rigid races

where, brzradial deflection, bbzbody deflection of outer race
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Effect of boss radial thickness on the rolle~
load distribution in a steel bearing with solid shaft and

274

radial clearance (a) c= -600 nin., (b) c= +600 uin.

Boss outer to inner diameter ratio for housing no.S 2
is 1.0, S 6 is 1.145, S 7 is 1.385 and S 8 is 1.847.

RoHerlood
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Deflection,

275

Fig. 7.40 Effect of boss radial thickness on the total
radial and component deflections of a steel bearing with
hollow shaft (no.4).

br = bearing radial deflection
Bor: outer race deflection
bi = inner race deflection
bb = body deflection of ouler race
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7.41 IEffect of boss radial thickness on the non-dim-
ensional equivalent radial load (Pr/ET) of a steel beari

ng
having hollow shaft (no.4).
_ . , 1.25
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Kt‘ond Kb

Fig. 7.42. Bffect of boss radial thickness on K tand K

b

of a steel bearing with hollow shaft (no.4).
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Bb for flexlible races
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Fig. 7.43 Effect of boss radial thickness on the roller278
load distribution in a steel bearing with hollow shaft (no.4)
and radial clearance (a) c= -600 uin. (b) c= +600 uin.

Boss outer to inner diameter ratio for housing no.S 2
is 1.0, S 6 is 1.145, 3 7 is 1.385 and S 8 is 1.847.
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Fig. 7.44 Excess radial and component deflections, for

housing with upright cruciform ridbs over those for housing

without ribs, of a steel bearing with solid shaft.

br= radial deflection, bb: body deflection of outer race,

borz outer race deflection, %ir: inner race deflection,
Subscripts: A for housing with ribs (R 2,R 3 & R 4) [9]

B for housing without ribs (5 6,57 &S 8)

RRxx2xx00 K =5000Ibs RPM=0. Ribs at O & 90" to radial load.
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Fig. 7.45 Kt and Kb,for housing with upright cruciform

ribs, of a steel radial roller bearing with solid shaft.
Br for flexible races bb for flexible races

K = ’ Kb_

L=
[%

Br for rigid races br for rigid races

wvhere, Br=radial_defleétion, bb= body deflection of outer
race.

RRxx2xx00 E:5000Ibs. RPM:=0. Ribs at O & 98 to radial load.
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Elg 7.46 TFor a steel bearing with solid shaft and housing
upright cruciform ribs,

havin
%d) excess norndimensional equivalent radial load (Pr/Fr)

over non-ribbed case,
and excess roller load distribution over non- ribbed case

(b) for housing with thinnest boss (R 2) at.different c,

Angular position of roller, \/J_o

J

gnd (¢) for increasing boss thickness at c= =300 ain.
Subscripts: A for housing with ribs (R 2,R 3 & R 4) [¢]
B for housing without ribs (S 6,57 &S 8)
o RRxx2xx00 F.z5000 Ibs. RPM=0. Ribs at 0 & 90" to radial load.
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Fig. 7.47 Excess radial and component deflections, for 282

housing with upright cruciform ribs over those for housing
without ribs, of a steel bearing with hollow shaft (no.4).

br= radial deflection,-§b= bodj deflection of outer race,
bor: outer race deflection, Bjrz inner race deflection.

Subscripts: A for housing with ribs (R 2,R 3 &R 4)
B for housing without ribs (S 6,57 & S 8)

RRxx4xx00 F =5000Ibs. RPM=0. Ribs at § & 9C to radial load. [
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Fig. 7.48 KJc and Kb’ for housing with upright cruciform ribs,
of a steel radial roller bearing with hollow shaft (no.4).

ér for flexible races bb for flexible races
K, = . K.=
Ty for rigid races b

%r for rigid races

where, brz radial deflection, bb: body deflection of outer race

RRxx4xx00 F.=50001Ibs. RPM=0. Ribs at 0 & 90’ to radial load.
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Flg 7.49 Tor a steel bearing w11h hollow shaft (no.4) and
housing having upright cruciform ribs,

(a)

excess non-dimensional equivalent radial load (P, /P )
over non-ribbed case,
and excess roller load distribution over non-ribbed case

(b) for housing with thinnest boss (R 2) at different c,

Angular position of roller, \{f

J

and (¢) for increasing boss thickness at c= =300 uin.
‘ Subscripts: A for housing with ribs (R 2,R3 &R 4) [¢]
B for housing without ribs (S 6,57 &S 8)
RRxx4xx00 F.z5000 Ibs. RPM=0_ Ribsat 0 &9J to radial load.
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Fig. 7.50 Excess radial and component deflections, for 285

housing with diagonal cruciform ribs over those for housing

without ribs, of a steel bearing with solid shaft.
6r= radial deflection, bb= body deflection of outer race,

bor: outer race deflection, birz inner race deflection.

Subscripts: A for housing with ribs (R5R 6&R 7)
for housing without ribs (S 6,57 &S 8)

B
RRxx2xx00 F.z50001Ibs. RPM=0. Ribs at 45 to radial load. [
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Fig. 7.51 K, and Kb’ for housing with diagonal cruciform
u
ribs, of a steel radial roller bearing with solid shaft.

t

d_ for flexible races bb for flexible races
I{ = ’ K =
E br for rigid races o

ér for rigid races

where, br: radial deflection, bb=body deflection of outer race

RRxx2xx00 F.z50001bs. RPM=0. Ribs at 45 to radial load.

2.0
o.rnos. R5,R 6 & R 7
1.6
%,
T 1
------- ff:f:?:ii::—~——~
1.2
Radial clearance, ¢
- 600 nuin.
- - 300 wuin.
- 0]
__________ + 600 uin
08
AN L
04 A = e ~_(\~
- —————
T R el
0.0 ' ' ' |
10 1.2 1.4 1.6 1.8 2.0

Cuter to inner diameter ratio of boss
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Fig. 7.52 For a steel bearing with solid shaft and hou:mL7

having diagonal cruciform ribs,
"(a) excess non-dimensional equivalent radial load (P /r
over non-ribbed case, ,
and excess roller load distriobution over non-ribbed case
(b) for housing with thinnest boss (R 5) at different c,
and (c) for increasing boss thickness at c= =300 uin.

Subscripts: A for housing with ribs (R5R6 & R 7)
B forhousing without ribs (S 6,57 & S 8)

\\\ Radial clearance, ¢ ain.

0.006 - 600
\\\ -300 -
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0002} - ' \\
LLL
0.000 P e e e— —
e A
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-0002 /ol : -
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| T~RR-520000 (b)
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RR-620300
< RR 720300
us 0000 =
(c)
-0.004 : |
0O 18 35 24 72 a0 108 126 144 162 1650

RRxx2xx00 F.=5000 |bs. RPM=0. Ribs at 45 to radial load. B
- T |

| \ +600  _____ P
0004 '

20

Angular position of roller, %°
J
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Fig. 7.53 Excess radial and component deflections, for

housing with diagonal cruciform ribs over those for housing
without ribs, of a steel bearing with hollow shaft (no.4).

br: radial deflection, bbz body deflection of outer race

0

oT

outer race deflection, 0.

ir inner race deflection.

Bl @ g

' (éir%\— (air)B

(Bor )Af(aor) B

CRRCR

(air )B

or)B

5,5

Subscripts: A for housing with ribs (R 5R 6&R 7)
B for housing without ribs (S 6,5 7 &S 8)
RRxx4xx00 F.z50001Ibs. RPM=0. Ribs at 45" to radial load. [
000
] E Do
-002 ,7":’ — — ——
. . ’-’.—’ . -_/—/
-004 -
-006
OOO P Ty |~ = T e R = e ——
Ao T - -
- . //
0.02 —
-0.03
+0.01 P ——
T e
000 — e ————— T .
-002 s
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Radial clearance, ¢
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- . /’
-008f - 300 win. —
- ) “1
_________ — +600 wuin. /
//’P/
-010 _,-;”‘/
T
-012 = ~
1.0 1.2 14 1.6 1.8 2.0

Outer to inner diameter ratio of boss



Fig. 7.54
ribs, of a

K

% and K
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b!

for housing with diagonal cruciform

steel radial roller bearing with hollow shafi (no.4).
Br for flexible races

0

K

L=

% for flexible races
’ K, = D
> for rigid races b

Br for rigid races

where, 0 =radial deflection, gbzbody deflection of outer race.

RRXxx4xx00 $:5000lmi RPM:=0.

Ribs at 45 to radial load.
2.0 T |
1 o.rnos.R 5,R6 & R 7 [
\\\
-—
- \\~
- \
_\\-
\
~~§-“ T -
[T S e omoen oL S
1.2 i
Radial clearance, ¢

20 - 600 wuin.
Lo) - - 300 win.
C
o - 0]
N L N + 600 uin

08

\
0.4 _'—""“‘——-t:riqf::ij::_____~_________—-__‘
Ky
S LT R A S Ml
00
1.0 12 1.4 1.6

Outer to inner diameter ratio of boss

1.8 2.0
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7.55 Tor a steel bearing with hollow shaft (no.4) and

ing having diagonal cruciform ribs,

(a) excess non-dimensional cquivalent radial load (P /)
over non-ribbed case, rr

excess roller load distribution over non-ribbed case

(b) for housing with thinnest boss (R 5) at different c,

(¢) for increasing boss thickness at c= =300 Mmin.

Subscripts: A for housing with ribs (R5,R6& R 7)
B for housing without ribs (S 6,5 7 &S 8)
RRxx4xx00 F =5000 [bs. RPM=0. Ribs at 45 to radial load. [

0008
Radial clearance, ¢
-600 min. -
0006 — -300 win.
_ 0
. + 600 nin.
0004 N
,\
0000 re— - L =
(a).
-0002
1.0 1.2 1.4 _ 1.6 18 2.0
Outer to inner diameter ratio of boss
0008
-540600
0004
]
0000 \:k’”/
\‘: - RR-540300
RR-5400
540000 (b)
-0004
10004 / A RR-540300
//._\ RR-640300
7 RR-740300
11 0000 ——— .7” = T PR
/ (c)
-0004
O 1

3 36 54 72 SC 108 126 144 162 100
Angular position of roller, qf
i



Deflection, o win,

Fig. 7.56 Radial and component deflections

291
of a steel bearing

having solid shaft and circular housing with upright cruciferm

support. .
brz radial deflection, Bb= body deflection of outer race,

9

or

= outer race deflection, bir

RTxx2xx00 F.=5000Ibs. RPM:=0.Supports at &S0 to F.

inner race deflection.

2000

1800

-0.05

1600

-0.04

o (T2,T38&Ta4a)

Radial clearance,c

- 800 win.
- 300 win.

1400

1200

1000

800

600

400

-003

- 0.02

200

-200

1.0

1.2

1.4

1.6

1.8

Outer to inner diameter ratio of housing.
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FPig. 7.57 Non-dimensional equivalent radial load (Pr/Fr)
of a steel bearing having solid shaft and circular housing
with upright cruciform support..

RTxx2xx00 FE=5000Ibs. RPM:=0. Supports at 0&90°to radial load.

1.40
4T
T3
\ | T 4
1.35 -
| \ /
l .
'1.30 \ e ,
i
\‘ Radial clearance,c
\
\ - 600 win.
125 \ \ - - 300 win. B
\
P ) - ©
Tr' \\ __________ + 600 uin.
ﬁ \\ |
\
\
\
N
\‘\ AN
115 \\ S
\\
A B e
: \
110 O
AN
105 \i\\
~ s
\\'\\~~\-‘_—_—
1.00 e
1.0 1.2 1.4 1.6 1.8 2.0

Quter to inner diameter ratio of housing.
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ig. 7.58 Kt and KB of a steel bearing having solid shaft

and circular housing with upright cruciform support.

o_ for flexible races bb for flexible races
K= —= ' y . K=
t br for rigid races

br for rigid races

where, br: radial deflection, bbzbody deflection of outer race.

RTxx2xx00 FE=5000Ibs. RPM=0. Supports atOO&QCSJ‘_to radial foad.

4.0 T
4}- T2, T3 . and T 4
Radial clearance, ¢

}3.5 ' - 600 uin,

: - - 300 win.
.30
2.5
2.0
1.5
1.0
0.5
0.0

1.0 1.2 1.4 1.6 1.8 20

Outer to inner diameter ratio of housing.
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FPig. 7.59 Roller load distribution in a steel bearing having

solid shaft and circular housing with upright cruciform

support.

Outer to inner diameter ratio of housing no. T 2 is 1.145,
T 3 ig 1.%85 and T 4 is 1.847.

= 5000 Ibs. RPM:=0. Supports at 0&90 to radial load. <

vy . o
Angular position of rotler, %

1800
1600::\\\ RT-220600
100 \\ _ RT- 220300
-k6 \\;\ . RT -220000
N \
4 1200 ——4\ | RT+220600
o - \ ,
— \
a8 \\
. 1000 \
! L4 \‘\\
0 "\
2 800 \ \
| -
g 600-3 \’\ /_\
0 &\‘\\\\ -
o \\\ 7
-2 \
400 0 _ \
A\ —
N T N\
200H! \\\\\ \\ .
N\
RN N \
. O N \\
1600 - - —
\\\\ c=-300 win.
1400 RT-220300 i
500 RT-320300
. RT-420300
73]
2 1000 Assuming rigid |
races.
n—
5 800
O
o
. 600
o
Ie)
@ 400
200 \
5 (b) \\\
o) 18~ 36 54 72 90 108 126 144 162

J

180
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Fig. 7.60 Radial and component deflections of a steel

bearing having hollow shaft (no.4) and circular housing

with upright cruciform support.

= radial deflection, bbz body deflection of outer race,

E)r
bor: outer race deflection, birz inner race deflection.

ORTxx4xxOO F=5000Ibs.RPM=0. Supports at O & 90 to radial load.

-0.05 \\\ IN *ﬁ-T 2 Radial clearance, ¢ win.

mm N T3
NN T 4 - 600
1800 A \\\ _ - 300
S . 0
[ \\‘x\\ __________ + 600

\
1600_0.04 \ ~ “s~\~~~
. ‘ \ - — -
\ .
1400 \ —

N\
1200503 \< \\

2 1.4 1.6 1.8 2.0

Outer to inner diameter ratio of housing.



FPig. 7.61 Noh—dimensiohal equivalent radial load (Pr/Fr)
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of a steel bearing having hollow shaft (no.4) and circular
housing with upright cruciform support.

RTxx4xx00 R.=5000Ibs.RPM:=0. Supports at 0& SOto radial load.

1.35
<% T2,7T73 and T 4
' Radial clearance, c
1.30 \ - 600 win.
- - 300 uwin.
- O
__________ +600 wuin
125 \
\ ///////
1.20 \ /, .
i
? V
‘\
115 I
i
18
\
\
\
v )
1.10 L\
: \
\‘\ \
\ \
v\
\\
1.05 A
W\ L
\ S~
1.00 \\ —————
. ‘\
\\‘:\\_ -
\.\-‘—-—
- 095
1.0 1.2 1.4 1.6

1.8 20

Outer 1o inner diameter ratio of housing.
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Fig. 7.62 Kt and Kb of a steel bearing having hollow shaft

(no.4) and circular housing with upright cruciform suvpport.

O for flexible races bb for flexible races
K:r K. =

b br for rigid races b br for rigid races

where, brzradial deflection, bb=body deflection of outer race.

RTxx4xx00 F=5000Ibs. RPM=0. Supports at0 &90 to radial load.

T

4.0
{y T2, T3and T4

\ Radial clearance, ¢
\

— - 300 win,.

2.5

2.0

1.5

1.0

0.5

00
1.0 1.2 1.4 1.6 1.8 2.0

Cuter to inner diameter ratio of housing.
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Fig. 7.63 Roller load distribution in a steel bearing having

hollow shaft (no.4) and circular housing with upright cruci-

Tform support.

Outer to inner diameter ratio of housing no.T 2 is 1.145,

T3 is 1.385 and T 4 is 1.847.

F.=5000 Ibs. RPM=0. Supports at O'& 90 to radial load. &

1600
1400 RT-240600
- RT-240300
1200
- RT- 240000
1000————NN\— 1 8L RT+240600
800
600 \
400" | i
200 N ‘ ‘

0 R \ \
1600F7 ] ¢ =~-300 win.
1400} RT- 240300

kN\ _ RT- 340300
1200 ;
" \ _— RT- 440300
1000~\\\ ! _____________ Assuming rigid |
i?h“:lk. races.
800
-3
600
- 2
400
|
200[ &
N \Un
(b) \
O : |\\ NS~
O 18 36 54 72 90 108 126 144 162 180

Angular position of roller, x/,go
J
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Fig. 7.64 Radial and component deflections of a steel

299

bearing having solid shaft and circular housing with diagonal

cruciform support.

br: radial deflection, Bb: body deflection of outer race
Bor: outer race deflection, birz inner race deflection.
RTxx2xx00 f=5000 Ibs. RPM=0. Supports at 45°to radial load.
2200 \ T T
\\ X T5 Radial clearance, ¢
\ T 6
\\_\ T 7 - 600 uin.
2000-005 \\ - - 300 uin. i
mm \\ —— O
N\
T [ —— + 600 win.
- 1800 N -\\\ |
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\\\\\\\ ~o
- 1600_004 M \ '\“\N&.,_\
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1200} ]
0.03 \ \ \\
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\\\ \\\ o ——
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\4\ ey RN
600 ~ = >
AN \\?\“\ Sy
~ { B /
\ \ 5 \\\\ ) —
200
@)
1.0 1.2 1.4 1.6 1.8 2.0

Quter to inner diameter ratio of housing.
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Fig. 7.65 HNon-dimensional equivalent radizl load (Pr/Fr)
of a steel radial roller bearing having solid shaft and

circular housing with diagonal cruciform surport.

RTxx2xx00 E=5000Ibs. RPM:=0, Supports at 45 to radial load.

1.35
1.30 //
\ /
\——
1.25
1.20
X T5,T6and T7
F- _
—_— Radial clearance, ¢
ﬁ, .
' - 600 wuin.
1.15 . 7
- - 300 win.
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110
1.05 //
7/
7/
"
V4
V4
7
//
1.00 >Z
///
‘:::::T"“‘ ——=
0595
1.0 1.2 1.4 1.6 1.8 2.0

OQOuter to inner diameter ratio of housing.



Fig. 7.66 Kt and Kb of a steel bearing having solid shaft

301

and circular housing with diagonal cruciform support.

X

br for flexible races

t br for rigid races

’

bb for flexible races

Ky=

br for rigid races

where, br=radial deflection, bbzbody deflection of outer race.

RTxx2xx00 F.:5000Ibs. RPM=0. Supports at 45 to radial load.

40

X T5,Teand T7

Radial clearance, ¢
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Fig. 7.67 Roller load distribution in a steel bearing having

solid shaft and circular housing with diagonal cruciform suvport.

F.=5000 Ibs. RPM:=0. Supports at 45 to radial load. X
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- RT-520300
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n
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00 ' T -
" kN c==300 uin.
1000 R
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o -3 ) \\ rigid races.
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O N
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. 400 -
o
-0
(04
-1
200
(b)
@)

0 18 36 54 72 90 108 126 144 162 180
Angular position of roller, \Ibf’
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Fig. 7.68 Radial and camponent deflections of a steel bearing

having hollow shaft (no.4) and circular housing with diagonal
cruciform support.

br= radial deflection, bb= body deflection of outer race

bor: outer race deflection, birz inner race deflection.

RTxx4xx00 F.=5000Ibs. RPM=0. Supports at 45 to radial load.

2200 Y .
\\ : X T5 Radial clearance ¢ wuin.
AN T 6
000 \\\ T7 - 600
0 ~ -
2 -005 BN | - 300

{ ~ 0
mm N \\ -
At B + 600
1800 \ =~
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Outer to inner diameter rotio‘of housing.



Fig. 7.69 lNon-dimensional equivalent radial load (Pr/Fr)
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of a steel radial roller bearing having hollow shaft (no.4)

and clrcular housing with diagonal cruciform supvort.

RTxx4xx00 E =5000Ibs. RPM=0. Supports at 45'to radial load.

1.30
1.25
"1.20 \ ///
115
X T5,T6and T7
R
— Radial clearance, c
F
’ - 600 win.
1.10 . |
-~ 300 win.
' - 0
\ ___________ + 600 uin
1.05 \
100 k\\ >
\Q\\:‘ ~~~~~~ PR L
T~
0.85
090
1.0 1.2 1.4 1.6 18 20

Outer to inner diameter ratio of

housing.
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Fig. 7.70 K, and K, of a steel bearing having hollow shaft (no.4)

and circular housing with diagonal cruciform support.

br for flexible races bb for flexible races

’ K, =

K.= b

t

br for rigid races _ br for rigid races

where, Br= radial deflection, Eb= body deflection of outer race.

RTxx4xx00 F.=50001bs. RPM:=0. Supports at 45 to radial load.

40 '
X T15,T6and T7
Radial clearance, ¢
35 : - 600 win. ]
-~ - -300 win.
- 0
N | + 600 ain
- 30
2.5 \\\\\\\\\\\“it¥====:::r—~
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1.5 — '
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T
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Fig. 7.71 Roller load distribution in a steel bearing having
hollow shaft (no.4) and circular housing with diagonal cruciform
. support. ’
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- RT-540600
kN
1000 . RT-540300
. RT-540000
RT+ 540600
800

600

400
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110 ; ‘ ; ' '
0 / \ c ==300 uin.
1000 ‘
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RT-640300
800 RT-740300
_______________ Assuming

rigid races.

1
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400

200

144 162 1EC
(]
Angular position of roller, y)j



(R Jat 30000RPM™ {Rojlat O RPM

FPig. 7.72 Effect of shaft speed on 507

(a) radial deflection, O :

(b) non-dimensional equivalent radial load (Pp/Fr), and.

(c) excess roller lcad distribution at the outer race,
of a steel radial roller bearing having thin circular housing (T 2;
with upright cruciform support.

RT-220300 _ RT-240300
F-=50001bs. Supports at 0 & 90 to radial load. <~

£ 1400 1580 ¢
QL // Q(_
S0 JO
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E // :8
B . L E
T 1360 ——=——"] - 1540 2
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Angular position of roller,



(Rj)at 30000 RPM ™R} Jat O RPM

Fig. 7.73 Effect of shaft speed on
(a) radial deflection Op,

308

(b) non-dimensional eguivalent radial load (Pp/Fy), and’
(c) excess roller load distribution at the outer race,
of a steel radial roller bearing having thin circular housing

(P 5) with diagonal cruciform support.

RT—520300_ - RT-540300
F.-5000Ibs. Supports at 45 to radial load. X .
. 1520 2 /11650 |
= . £
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'@f 500 1630 ot
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Fig. T7.74

having hollow shaft (no.4) and thin circular housing with

part-cruciform support.

O_= radial deflection,.d

T

0 _=-outer race deflection, O,

b= body deflection of outer race,
= inner race deflection.

308

Radial and component deflections of a steel bearing

Ain,

ox ir
- RTx84xx00. (Supports at T & 90 to radial load.)
Jol - RTx94xx00 . (Supports at 45 to radial load.)
3000 F=5000 Ibs. 5. N
. ) /
5 R M:O e
007 P P
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2500
-0.06
 2000k55
b
“\
/— \
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£ i
3 003
1000 Sor __|
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o
u- 500
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- bm
\.‘_ - -— ——
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L - 0.01
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\‘ _‘___—______________.—- aor
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1000 : , , L
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Fig. 7.75 Non-dimensional equivalent radial load (Pr/FT) of a,.
steel radial roller bearing having hollow shaft (no.4) and thin

circular housing with part-cruciform support.

- RTx84xx00. (Supports at O & 9C to radial load.)
A - RTx94xx00 . (Supports at 45 to radial load.)
1.5
5:5000 Ibs.
RPM:=0.
1.4

~n|~T

1.2 \\\\ — = =

1.1

- -001 -0.005 0 0,005 0.01 mm
. 1 | 1
-600 -300 9 300 600

Radial clearance, ¢ win.
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Fig. 7.76 X, and Ky of a steel bearing having hollow shaft (no.4)

and thin circular housing with part-cruciform support.

6, for flexible races bb for flexible races
K. = = - s K =
t ér for rigid races - br for rigid races

where, 6r= radial deflection, Bbz body deflection of outer race.

Q- RTx84xx00. (Supports at 0 & 90 to radial load.)
2 - RTx94xx00 . (Supports <;1t 45 to radial load.)
6.0
< F. = 5000Ibs.
_’/,,_Eﬁs ) RPM:=0.
A \

e S N

~

\—

_Kt and Kb

\
2.0 \\\
\§
. - 001 - 0005 0 0005 001 mm
2600 300 0 300 500

Radial clearance, ¢ Ain.



Fig. 7.77 Roller load distribution in a steel radial roller

312

bearing with hollow shaft (no.4) and thin circular housing with

part-cruciform support.

5000 Ibs. RPM=0.

Angular position of roller, k/)°

2000 ' T . . '
‘\ Supports at O & 90 to radial load.
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Fig. 7.78 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing in the form of
a plate (S 2). Radial clearance c= -600 nin. and radial load Fr= 5000 lbs.

JUTER RACE | | INNER ‘RACE

GNE DIV REPRESENTS 0.0G THOU ONE 01V REFRESENTS G.0% THOU

A
el
X

Fig. 7.78

O

¢Te



Fig. 7.79 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing in the form of a
plate (S 2). Radial clearance c= =300 uin. and radial load Fr= 5000 1bs.

OUTER RACE INNER RHACE
ONE DIV REPRESENTS G.05 THOU CNE O1Y REPRESENTS ©.0% THOU
BERRING NG RS-220300 LCAO=5000 LBS RPM=0 BERRING NO RG§-220300 LOARO=5600 LBS RFM=G
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Fig. 7.80 Deflected shapes of the races of a steel radial roller bearing having solid shaft and hou51ng in the form of a
plate (S 2). Radial clearance c= 0.0 and radial load F 5000 1lbs.
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ONE N1V REPRESENTS G.05 THOU ONE DLV REPRESENTS §.05 THGU
BEARING NO RS-220000 1 CAD=SG00 LBS RPM=G BERRING NO RS-220000 | GA0=S5G00 LBS RPH=0

Fig. 7.80

TS




Fig. 7.81 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing in the form of .
a plate (S 2). Radial clearance c= +600 pin. and radial load F SOOO 1bs.

OUTER RHCE INNER RACE
ONE D1V REPRESENTS G.05 THOU ONE [V REPRESENTS C.05 THOU
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Fig. 7.82 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.3, inner to outer dlameter
ratio 0.372) and housing in the form of a plate. Radial clearance c= -600 pin. and radial load F 5000 lbs.
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Pig. 7.83 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.3, inner to outer diameter
ratio 0.372) and housing in the form of a plate (S 2). Radial clearance c= +600 uin. and radial load Fr= 5000 1lbs.
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Fig. 7.84 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing in the form of a plate (S 2). Radial clearance c= =600 uin. and radial load Fr= 5000 1bs.
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Fig. 7.85 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer
ratio 0.651) and housing in the form of a plate (S 2). Radial clearance c= ~200 Juine and radial load Fr= 2000 1bs,

diameter
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ONE D1V REPRESENTS G.05 THOU ONE D1V REPRESENTS §.05 THOU
BERRING NO RG-240200 LCGAD=2000 LBS RPM=0 BERRING NO R5-240200 L[CAD=2000 1LBS RFM=
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Fig. 7.86 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing in the form of a plate (S 2). Radial clearance c= -200 pin. and radial load F = 5000 1bs.
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Fig. 7.87 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing in the form of a plate (S 2). Radial clearance c= -200 upin. and radial load F = 8000 lbs.,

QUTER RACE INNER RACE
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Fig. 7.88 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing in the form of a plate (S 2). Radial clearance c= +600 auin. and radial load Fr= 5000 1bs.
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Fige. 7.89 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.5, inner to outer diameter
ratio 0.837) and housing in the form of a plate. Radial clearance c= =600 pin. and radial load Fr= 5000 lbs.
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Fig. 7.89

1244



Fig. 7.90 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.5, inner to outer diameter
ratio 0.837) and housing in the form of a plate (S 2). Radial clearance c= 0.0 and radial load Er= 5000 1bs.
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Fig. 7.91 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.5, inner to outer diameter
ratio 0.837) and housing in the form of a plate (S 2). Radial clearance c= +600 pin. and radial load Frx 5000 1bs.
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Fig. 7.92 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing with a hole in the

direction of the radial load. Radial clearance c= =300 upin. and radial load Fr= 5000 lbs.
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Fige. 7.93 Deflected shapes.of the races of a steel radial roller bearing having solid shaft and housing with holes at
45" to the radial load on each side. Radial clearance c= =300 uin. and radial load Fr= 5000 1bs.
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Fig. 7.94 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing with holes at 90°

to the radial load on each side. Radial clearance c= -600 uin. and radial load Fr= 5000 1lbse.

GUTER RACE | | INNER RACE

ONE DIV REPRESENTS 0.05 THOU BEGRING NO RS-520600 L.ORDO=5G6CC LBS RPM=0

Fig. 7.94
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Fige 7.95 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing with holes at 90
to the radial load on each side. Radial clearance c= =300 uin. and radial load Fr= 5000 lbs.
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Fig. 7.96 Deflected shapes .of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with a hole in the direction of the radial load. Radial clearance c= ~300 pin. and radial load

F_= 5000 lbs.
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Fige 7.97 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter

ratio 0.651) and housing having holes at 45° to the radial load on each side. Radial clearance c= -300 pmine and radial load
I' = 5000 1lbs.
r
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Fig. 7.98 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with boss (outer to inner diameter ratio 1.145). Radial clearance c¢= -600 uin. and radial load

¥ = 5000 lbs.
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Fig. 7.99 Deflected shapes.of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter

ratio 0.651) and housing with boss (outer to inner diameter ratio 1.145). Radial clearance c= ~300 pnine and radial load
F = 5000 1bs. '
r
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Fig. 7.100 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter

ratlo 0.651) and housing with boss (outer to inner diameter ratio 1.385). Radial clearance ca =300 Mine and radial load
F_= 5000 lbs.
r
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Fig. 7.101 Deflected shapes of the races of a steel radial roller bearing having solid shaft and housing with boss (outer

to inner diameter ratio 1.847). Radial clearance c= -~300 pin. and radial load F = 5000 1lbs.
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Fig. 7.102 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with boss (outer to inner diameter ratio 1.847). Radial clearance c= -600 pin. and radial load
Fp= 5000 1bs.
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Fig. 7.103 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with boss (outer to inner diameter ratio 1.847). Radial clearance c= =300 pin. and radial load
Fp= 5000 lbs. '
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Pig. 7.104 Deflected shapés of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with upright cruciform ribs (boss outer to inner diameter ratio 1.145). Radial clearance c= —300 mine

OUTER RACE - INNER RACE

ONE DTV REPRESENTS 0.09% THOU BEARING NO RR-240300 L.0AD=5000 LBS RPM=O

Fig. 7.104
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Fig. 7.105 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and housing with diagonal cruciform ribs (boss outer to inner diameter ratio 1.7145). Radial clearance c= ~300 puin.

and radial load Fr= 5000 1bs.
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Fig. 7.106 Deflected shapes of the races of a steel radial roller bearing having solid shaft and circular housing (outer
to inner diameter ratio 1.145) with upright cruciform support. Radial clearance c= =300 aine. and radial load Fr= 5000 lbs.
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Fig. 7.107 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter

ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with upright cruciform support. Radial clearance
c= ~600 pmin. and radial load Fr= 5000 1bs.
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Fig. 7.108 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diameter
ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with upright cruciform support. Radial clearance
c= -300 pin. and radial load Fr= 5000 lbs.
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Fig. 7.109 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with upright cruciform support. Radial clearance
c= 0.0 and radial load Fr= 5000 1bs.
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Fig. 7.110 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner ‘diameter ratio 1.145) with upright cruciform support. Radial clearance
c= +600 puin. and radial load Fr= 5000 1bs.
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Fig. 7.111 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.385) with upright cruciform support. Radial clearance
c= ~300 uin. and radial load Frn 5000 lbs.
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Fig. 7.112 Deflected shapes of the races of a steel radial roller bearing having hollow
ter ratio 0.651) and circular housing (outer*to inner diameter ratio 1.847) with upright
c= =300 pin. and radial load Fy= 5000 1bs.

shaft (no.4, inner to outer diame-
cruciform support. Radi_al clearance
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Fig. 7.113 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal cruciform support. Radial clearance

c= -600 pin. and radial load F = 5000 1bs.
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Fig. 7.114 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal cruciform support. Radial clearance
¢c= =300 pin. and radial load Fr= 5000 lbs.
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Fig. 7.115 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal cruciform support. Radial clearance
c= 0.0 and radial 1lcad F

= 5000 lbs.
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Fig. 7.116 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (noi4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal cruciform support. Radial clearance
c= +600 pin. and radial load Fr= 5000 1bs.
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Fige. 7.117 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal cruciform support. Radial clearance
c= =300 ppin. and radial load Fp= 5000 lbs. Shaft speed is 30,000 R.P.M. ’
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Fig. 7.118 Deflected shapes of the races of a steel radial roller bearing having hollow
meter ratio 0.651) and circular housing (outer to inner diameter ratio 1.385) with diagonal
__ance c= =300 npin. and radial load Fr= 5000 lbs.
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cruciform support. Radial clear-
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Fig. 7.119 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (noc.4, inner to outer diam-
eter ratio 0.651) and circular housing (outer to inner diameter ratio 1.847) with diagonal cruciform support. Radial clear-
ance c= -300 pin. and radial load F = 5000 lbs.
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Fig. 7.120 Deflected shapes of the races of a steel radial roller bearing having hollow shaft (no.4, inner to outer dia-
meter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with upright part—cruc1form support. Radial
<learance c= _300.u1n. and radial load F

5000 1lbs.
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Fige 7.121 Deflected shapes of the races of a steel radlal roller bearing having hollow shaft (no.4, inner to outer diame-
ter ratio 0.651) and circular housing (outer to inner diameter ratio 1.145) with diagonal part-cruciform support. Radial
clearance c= =300 pine. and radial load Fr= 5000 1bs.
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Table 1.1 Values of the constant 'K' for roller and ball

bearings. ( From Stansfield and Bell (4))

K = Ratio of actual radial deflection of bearing to theoretical
radial deflection for a geometrically perfect bearing in a
rigid housing.

Value of Probabvle
K Scatier

Conditions

Specially-stiff bearing arrangement i.e.
Lapped housing bore; Preloaded bearing;

=]
H
W

Rigid housing (depth of housing at least 1=
four times the depth of the outer race
with no intermediate bushes).

Normal bearing mounting: e.g. Normal
manufacture of housing bore but not
lapped; Bearing not preloaded (but

negligible clearance); Rigid housing 2

NI+
1+
=]

(depth of housing at least four times
the depth of the outer race with no
intermediate bushes).

Note: For low loads, as in finishing cuts, the value of K can
be upto 7.

Table 1.2 The percentage of element contribution for different
arrangement gearboxes. ( From E1 Tamimi (18))

Arrangement| Bearing Shaft Gear Keyway Av. stiffness
lb.in./rad.
1. 57.0 16.9 | 16.1 - 0.9x10°
2. 31.5 23.3 45.2 - 1.7x10°
3. 24.8 26.0 49.2 - 1.9x%107
4. 13.2 29.5 57.3 - 2.3x10°
5. 12.5 28.0 54.1 5.4 2.2x10°
6. 11.4 25.4 £9.4 | 13.8 1.8x107
Arrangement;
1. Ball bearing, integrated shaft and pinion.
2. Roller bearing, integrated shaft and pinion.
3. YTaper roller bearing, invegrated shaft and pinion.
4. Needle bearing, integrated shaft and pinion.
5. Needle bearing, keyed shaift and pinion.
6. Needle bearing, keyed shaft and pinion (smaller length of key)



Table 2.1 Width of contact area for a roller loaded between
flat platens, by Hertz's formula.

(a) For steel

(b) For Araldite

Load on Width of
Roller contact area
1bs. 2b, thou.
250 5.06
500 7.16
750 8.76
1000 10.10
1250 11.30
1500 12.40
1750 13.38
2000 14.30
2500 16.00
3000 17.50

Toad on Width of
Roller contact area
1bs, 2b, thou.
0.5 22.0
1.0 31.0
2.0 43.8
3.0 53.7
4.0 62.0
5.0 69.3
6.0 76.0
7.0 82.0
8.0 87.6
9.0 93.0
10.0 98.0
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Table 2.2
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Comparison of different deflection formulae for

line contact. Deflection given by the approach of two flat

steel platens when a steel roller is loaded between them.

Deflection according to formula given by

Load on :
Roller Palmgren | Dochmann Foppl Hoffmann | Dowson &
1bs. | Mfg. Co. |{Higginson
thou. thou. thou. thou. thou.
250 0.237 0.183 0.219 0.212 0.200
500 0.442 0.367 0.408 0.397 0.370
750 0.637 0.550 0.586 0.567 0.529
1000 0.825 0.733 0.757 0.735 0.681
1250 1.009 0.917 0.922 0.905 0.828
1500 1.189 1.100 1.083 1.066 0.970
1750 1.366 1.283 1.240 1.220 1.108
2000 1.540 1.467 1.395 1.382 l.244
2500 1.883 1.833 1.696 1.675 1.507
3000 2.218 2.200 1.988 1.985 1.761




Table 2.3 Comparison of different deflection formulae for

360
line

contact. Deflection given by the approach of two flat Araldite
platens when an Araldite roller is loaded between them.

Deflection according to formula given by

Load on

Roller Palmgren Bochmann Foppl Dowson &
1bs. Higginson

thou. " thou. thou. thou.

1.0 6.0 6.6 5.0 4.5
2.0 11.2 13.3 8.9 7.8
3.0 16.1 19.9 12.4 10.8
4.0 20.9 26.6 15.7 15.5
5.0 25.6 33.2 18.7 16.0
6.0 30.1 39.9 21.6 18.4
7.0 34.6 46.5 24.4 20.6
8.0 39.0 53.1 27.0 22.7
9.0 43.3 59.8 29.6 24.8

10.0 47.6 66.4 32.0 26.7




Table 2.4
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Total deflection given by the approach of two

flat Araldite platens when a hollow Araldite roller is loaded
between them.

Deflection for Deflection of | Total deflection
Load on Solid Roller Hollow Roller | for Hollow Roller
Roller by Foppl formula as a cylinder
1bs. Os01ia ad hollow=Cs01id+Ad
thou. thou. thou.
0.5 2.8 0.7 3.5
1.0 5.0 1.3 6.3
2.0 8.9 2.7 11.6
3.0 12.4 4.0 16.4
4.0 15.7 5.3 21.0
5.0 18.7 6.7 25.4
6.0 21.6 8.0 29.6
7.0 24 .4 9.3 33.7
8.0 27.0 10.6 27.6
9.0 29.6 12.0 41.6°
10.0 32.0 13.3 45.3
E = 2730psi. (18.82 Mi/m°)
m= 2.0
r = 0.1 in. (2.54 mm)
h = 0.1 in. (2.54 mm)

See fig.2.6 for notations used for the various

dimensions.
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Table 2.5 Value of load distribution integral Jr(€) for
radial rolling bearings with line contact and that with point
contact,

Line Point
e Contact Contéct
0 . 1/7 1/%
0.1 0.1268 0.1156
0.2 0.1737 0.1590
0.3 0.2055 | 0.1892
0.4 - 0.2286 0.2117
0.5 0.2453 0.2288
0.6 0.2568 0.2416
0.7 0.2636 0.2505
0.8 0.2658 0.2559
0.9 0.2628 0.2576
1.0 0.2523% 0.2546
1.25 0.2078 0.2289
1.67 0.1589 0.1871
2.5 0.1075 0.1339
5.0 0.0544 0.0711
o 0 0
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Table 4.1 Calibration of solid rollers between Araldite platens.

(Width of platen=0.616 in. Thickness of platen=0.545 in.)
Deflection| Deflection of | Total Width of contact
Load | of roller platens Deflects area in thou.
1bs thou. Upper Lower thou. Upper Lowvier
' thou. | thou. platen platen
0.63 1.6 0.7 0.6 2.9 19.7 27.6
1.13 3.4 1.1 .2 5.7 41 .4 41 .4
2.13 5.0 1.9 2.2 9.1 47.2 52.7
3.13 6.4 3.1 3.4 12.9 72.8 72.8
4.1% 7.8 3.6 4.3 15.7 75.6 66.5
5.13 8.9 5.2 5.2 19.3% 74.8 4.8
.6.13 11.2 5.9 5.3 22.4 85.8 86.6
7.13 12.7 5.9 6.0 24..6 86.6 98.4
8.13 15.5 7.3 6.5 29.3 110.0 92.5
10.13 17.0 9.3 9.2 35.5 114.0 126.0
Curves of the form =AxP" fitted by the method of least
squares from the above experimental results:
Load | Deflection| Deflection of | Total Width of contact
1bs. |of roller platens Deflect? area in thou.
thou. thou. thou.
1.00 2.6 1.03 4.7 33.9
2.00 4.6 1.97 8.5 49.0-
3.00 6.3 2.88 12.1 60.7
4.00 8.0 3.777 15.6 70.7
5.00 9.6 4.65 18.9 79.6
6.00 | 11.1 5.51 22.2 8T7.7
7.00 12.6 6.37 25.4 95.2
8.00 | 14.0 7.22 28.4 102.2
9.00 15.4 8.06 31.6 108.8
10.00 16.8 8.90 34.6 115.1
6-AYPN A=0.0026 AFO.00103 A=0.0047 A=0.0339
T N=0.81 N=0.94 N=0.87 N=0.53
Values of A" are given taking unit of deflection as in.
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~Table 4.2 Calibration of hollow rollers between Araldite platens.
(Width of platen=0.616 in. "hickness of platen=0.545 in.)

Deflection | Deflection of |Total"’ Width of contact
Load |of roller platens Deflect’ area in thou.
1bs. thou. Upper Lower thou. Upper Lower
thou. thou. platen platen
0.63 1.9 0.70 0.70 | 3.30 26.8 26.8
1.13 3.9 1.50 1.50 . 6.90 39.4 39.4
2.13 7.5 2.19 2.47 12.16 54.0 46.0
3.1% 9.7 .5.4% 3.66 16.79 63.0 62.2
4.173 14.7 3.9% 4.47 23.10 70.0 71.6
5.1% 17.6 5.29 5.3%0 28.19 85.0 84.6
. 6.13 18.0 6.%4 5.70 30.04 83.5 86.6
7.13% 20.6 5.90 6.23 32,773 82.6 87.5
8.1% 26.9 6.90 6.93 40.73 105.5 103.2
10.13% 29.0 9.23 8.40 16.63 105.1 112.2

Curvesof the form B:AXPN fitted by the method of least
squares from. the above experimental results:

Load [Deflection| Deflection of | Total Width of contact
1bs. | of roller platens Deflect? area in thou.
thou. ‘ thou. thou.

1.00 3.3 1.2 5.7 35.1

2.00 6.4 2.2 10.9 49.5

3.00 9.6 3.1 15.9 60.5

4,00 12.7 4.0 20.8 69.8

5.00 15.8 4.9 25.6 77.9

6.00 | 18.9 5.7 30.4 85.3

7.00 22.0 6.5 35.1 92.1

8.00 25.0 7.3 39.7 98.4

9.00 28.1 8.1 44.73 104.%
10.00 31.2 8.9 48.9 109.9
BzAxPN 450.0033 AFO.OOIZ A;0.00571 A=0.0%51

N=0.98 N=0.87 N=0.93 N=0.50

Values of A are given taking unit of deflection as in.
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Table 4.3 Calibration of solid rollers betweenvAraldite platens.

(Width of platen=0.450 in. thickness of platen=0.545 in.)
Deflection | Deflection of |Total Width of contact
Ioad |of roller platens Deflect” areca in thou.
1bs. thou. Upper Lower thou. Upper Lower
thou. thou. platen platen
0.62 2.1 0.62 0.94 3.7 28.0 30.3%
1.13 3.1 1.03% 1.70 5.8 33.1 37.0
2.12 6.0 2.26 2.88 11.1 53.5 55.5
3.1% 7.4 3.75 4.11 15.3% 59.5 67.0
4.13 9.9 5.00 5.12 20.0 ' 13.3
5.13 12.1 6.03% 6.21 24.3 18.8 18.8
6.12 | 13.3 6.69 6.90 | 26.9 80.7
7.12 15.9 1.25 1.25 28.4 82.7 90.6
8.13 18.0 8.54 8.70 35.2 98.5 102.3%
10.13 20.0 11.41 11.25 42.7 94.5 105.8
Curvesof the form O=AxP fitted by the method of least

squares from the above experimental results:

Load |Deflection | Deflection of | Total Width of contact
lbs. |of roller platens Deflect? area in thou.
thou. thou. thou.

1.00 3.0 1.2 5.5 36.

2.00 5.7% 2.4 10.2 50.

3.00 T.4 3.5 14.5 60.

4.00 9.4 4.6 18.7 69.

5.00 11.53 5.7 22.8 76.

6.00 13.2 6.8 26.7 83.

7.00 15.0° 7.8 30.6 89.

8.00 16.7 8.9 34 .4 95.

9.00 18.4 10.0 38.2 100.

10.00 20.1 11.0 41.9 105.

+ [A=0.0030 A=0.0012% 2=0.00552 A=0.03%6

0=AxP" |5 5o HL0.053 M=0.88 N=0.47

Values of A are given taking unit of deflection as in.
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Table 4.4 Calibration of hollow rollers between Araldite platens.
(Width of platen=0.450 in. Thickness of platen=0.545 in.)

Deflection| Deflection of | Lotal WVidth of contact
ILoad |of roller platens Deflect’ area in thou.
1bs. thou. Upper Lower thou. Upper Lower
thou. thou. platen platen
0.63 2.92 1,01 1.02 4,95 24.8 24.4
1,13 4.10 1.60 1,75 1.45 34.35 3.4
2.13% 8.57 2.37 2.91 13.85 48.0 48.0
3.13% 11.65 3.83 4.12 19.60 61.8 61.8
4.13 13.83 4.53 4.96 23.32 - 69.0 69.0
5.15 16.85 5.54 5.83 28.22 75.6 78.8
6.13 16.45 7.30 6.36 30.11 80.7 84.3
7.13 | 21.82 6.91 | 6.92| 35.65 90.6 91.0
8.13 28.07 8.09 7.60 43.76 103.2 101.2

Curves of the form bZAXPﬁ fitted by the method of least
squares from the above experimental results:

Load |Deflection| Deflection of | Total Width of contact
1bs. |of roller platens Deflectl area in thou.
thou thou. thou.

1.00 4.16 1.5 T.17 32.5
2.00 7.51 2.6 12.78 47.0
3,00 10.62 3.6 17.92 . 58.3
4.00 13.57 4.6 22.78 68.0
5.00 16.41 5.5 27.44 76.6
6.00 19.18 6.35 31.95 84.4
7.00 | 21.87 . 7.2 36.33 91.6
8.00 24 .51 8.0 - 40.61 98.4
9.00 27.10 8.8 44,80 104.8

10.00 29.65 9.6 48.91 110.8

g - A§0.00416 Af0.00l5 A;0.0072 A=0.03%25
=AXPT 120,853 17=0.805 11=0.8%4 N=0.533

Values of A are given taking unit of deflection as in.
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Table 4.5 Calibration of solid Araldite rollers between Aluminium

platens.

(a) Experimental results.

(b) Curve of the form, B:AZXP

i

fitted by the method of least

squares from the experimental

results.
Deflection Deflection

Load of roller Load of roller
1bs. thou. 1bs. thou.
0.61 2.0 1.0 2.9
1.11 3.0 2.0 5.3
2.11 5.5 3.0 7.5
3.11 1.7 4.0 9.5
4.11 9.4 5.0 11.5
5.11 12.7 6.0 13.5
6.11 13.4 7.0 15.4
7.11 15.0 8.0 17.2
8.11 18.9 9.0 19.0
10.11 20.1 10.0 20.8

.y A,=0.0029
0=A,xF =0.85

Value of A2 is given taking
unit of deflection as in.
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Table 4.6 Calibration of hollow Araldite rollers between Aluminium

platens.

N

(a) BExperimental results. (b) Curve of the form, o=A,xP

2

fitted by the method of least
squares from the experimental

results.
Deflection Deflection
Load of roller Load of roller
1bs. thou. lbs. thou.
0.61 3.0 1.0 4.6
1.11 5.2 2.0 8.3
2.11 8.7 3.0 11.6
3.11 12.2 4.0 14.8
4.11 14.4 5.0 17.8
5.11 18.3 6.0 20.7
6.11 19.8 7.0 23.5
7.11 22.7 8.0 26.7%
8.11 29.0 9.0 29.0
10.11 32.4 10.0 51.7
X A2=O.OO463
0=ApxP N=0.836

Value of A, is given taking
unit of deflection as in.
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Table 4.7 Components of total radial deflection of the
Araldite radial roller bearing with 0.010 in. (0.254mm)
interference fit and a radial load of 9.5 1lbs. (42.26 N)
acting on it.

Considering|Lxperimental By finite
rigid races results element method
(thou ) (thou.) (thou.)
Deflection of
outer race(zARA) 4.35 : 7.13 7.08
Deflection of
inner race(=ARy) 4.35 3.46 3,44
Body deflection .
of outer race(=ALE) 0.00 2.46 3,01
Peak roller
deflection 6.34 5.63 5.70
Total bearing
deflection 5.04 8.68 9.23
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Table 4.8 Roller load distribution in the Araldite
radial roller bearing with 0.010 in. (0.254mm) interference
fit and a radial load of 9.5 1bs. (42.26 N) acting on it.

Angular- |Consider- "Experimental By finite
position |ing rigid| According to deflection, element
of roller races of of voWer’ | total analysis

Vﬁ ‘ races

degrees 1bs. 1lbs. 1bs. 1bs. lbs.

0 2.624 2.329 2.284 2.302 2.281

18 2.574 2.238 2.147 2.187 2.184
36 2.43%0 2.035 1.962 1.994 1.924
54 2.208 1.662 1.483 1.566 1.604
72 1.9%4 1.264 | 1.288 1.275 1.222
90 1.635 1.018 . 0.865 0.935 0.911
108 1.344 0.726 0.542 0.625 0.677
126 1.089 0.582 0.481 0.527 0.512
144 0.892 0.459 0.429 0.444 0.407
162 0.768 0.440 0.319 0.373 0.353
180 0.727 0.402 0.368 0.385 0.337
-18 2.574 2.238 2.205 2.217 2.184
-56 2.430 2.035 1.814 1.918 1.924
-54 2.208 | 1.662 | 1.497 | 1.573 | 1.604
=72 " 1.9%4 1.264 1.160 1.207 1.222
-90 1.635 1.018 0.738 | 0.866" 0.911
-108 1.344 0.726 0.654 0.687 0.677
-126 1.089 0.582 0.485 0.529 0.512
-144 0.892 0.459 0.3%6 0.391 0.407
-162 0.768 0.440 0.271 0.344 0.353
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Table 6.1 Total deflection given by the approach of two
flat Araldite platens when an Araldite roller is loaded

between them, and also roller and platen deflections as

obtained by finite-element method.

Width of platen= length of roller= 0.45in.

Roller Deflect™ Platen Deflection Total Deflection
Load broller aroller bC bA (bC—bA) broller aroller
P O|T 2 +2'6C +2(bCJbA)
1bs.| thou. theu. thou. thou. thou. thou. thou.
0.5| 0.775| 1.550| 0.997 | 0.196 | 0.801| 3.544| 3.152
1.0 1.431 2.862 1.875 0.393 1.482 6.612 5.826
2.0 2.549 5.098 3,440 0.789 2.651| 11.978| 10.400
3.0 3.608 7.216 4.947 1.187 3,760 17.110| 14.73%6
4.0 4.538 2.076 6.327 1.586 4.741} 21.730| 18.558
5.0 5.432] 10.864 7.670 1.988 5.682| 26.204| 22.228
6.0 6.306( 12.612 8.992 2.390 6.602| 30.596| 25.816
7.0 7.1571 14.314 | 10.291 2.794 7.497| 34.896| 29.308
8.0 7.990| 15.980 | 11.571 3,198 8.373| 39.122| 32.726
9.0 8.806| 17.612 | 12.8%4 3.602 9.232} 43.280| 36.076
10.0 9.608| 19.216 | 14.084 4.007 [ 10.077| 47.384 | 39.370
b:AXPN 450.0028291 %50.0065459
N=0.8353 N=0.8618
ATO.0018636
N=O.879ﬁ

Values of A are given taking unit of deflection as in.

N
\

O15in
|
C A
—1
—*OJSmL——
O4in.

O4in.
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Table 6.2 Effect of platen curvature on Araldite platen

deflection when an Araldite roller is loaded on it. Results

obtained by using finite-element method.

Width of Platen=0.45 in. Diameter of Roller= 0.30 in.

r——QAhm———ﬂ

~—0.4 in. —=

r=1.5in,

t—— 04 in. —*

L

r——O!Hn.——j

——

r=1.2in.

——0.4in.—"

f—04 in.—

Inner Race

Load Flat Platen Outer Race
P 2(1/7)=6.667 2(1/7)=6.00 Z(1/r)=7.50
o 3 bg
1bs. thou. thou. thou.
0.5 0.997 0.985 1.012
1.0 1.875 1.853 1.900
2.0 3.440 3.391 3.495
3.0 4.947 4.879 5.022
.4.0 6.327 6.212 6.506
5.0 7.670 7.541 7.816
6.0 8.992 8.844 9.157
7.0 10.291 10.124 10.476
8.0 11.571 11.385 11.777
9.0 12.8%4 12.631 13.060
10.0 - 14.084 13.722 14.328
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3)

ol
Veln

o 0]
0.0n

Tedn
7
W97
oty
13
27

Oelin

V.00

0.00
Ge0D

.00
deON

Ua00
VDa00

1 . ‘)‘)
«Sn

I6HER RACE

IN poOUNDS

B

0«00
Oeld

Oen}0
Qs 1)

95

413

o
oY
34
s (01

et
Q.00

Ge00
0t

Oett0
a0

DeD0
De 0

1Y
o 40

10

0,00
U.00

0.00
0.00

. 77
o4hH
Y
+ 18

10
0.00

0e00
0«00

0,00
000

000
Ne00

0,00
0.00
77
«36

11

Ne0lU
0«00

0400
0e00
« 70
o2

30
«1b

N3
N0

Ne 0O
e 00

0.00
000

0,00
De00

0,00
0400
o 13
35

TOTAL OLFLOS 11l
THOY of
[ IPETN TeRe HIUG e
3,00 3,00 6.4%
4..43 Pt 11,94
J.64 Ja0 8,7
6all Jabs 14t
Pebh  2.64 2,20
4.91 _1")" 3.’“)
.29 3,29 4.4
523 2.61 #.,21%
J.Yu  3.96 6,71
Ge2]1 3.43 1p.98
193 lebd K00
2e3Y 1445 Huhn
2485 2,85 1n,93
4463 2,70 15,36
332 3,32 12,593
B.46 Jd.1hH 17.82
4,09 4,09 15,14
Tell0 3ot 22014
4.3% 4,3 5,03
7«05 3.0h4 9,32

SUMMARY OF RESULTS OBTAINHEL 8Y FINITE ELEMENT ANALYSIS FOR ARALDITE RADIAL ROLLEFR AErARINGYH

AV
STFS
L/ 1
le#73

s fU0

| TN
o TR

T.018
1)l

1etht )
N Y

leaT02Y

W14

s fithy
PRI
« 112
-I.J}'l
YA

[ R 3

Y ATK®

sHa?

146319
leusn

HooYy

NELN
[

Jeh(

Gen0)

7

2Tl

(¥4

lear}

20

331

(0'12

Q.02

tPSLM
=8

o
1)
2477
1e63
1e26
e 50
D
W
eh i

1 et

LOAD
SHRG
FCTH
J.0u?
3,

3.62
J. 00

142
.13

4,77
4,39
3,93
3,89

3,09
ield

4,08
G el

e 0h
hadl
4,07
G a1
5.0

[t

FQVa
LOAD
LIS

Defrn
Qe 3

] 1eth6y
11s00

10.%1
Teay

1220

9ait?)

13,97
12.0n

3.9%
4501

TaV4
Han?

l)"!‘t
9'!”‘)

llo‘)‘*
12.04
14477
11.649

RACES

pelD
F1owL

KTl
Fyoal3t,

R1GID
Feoxit

R1:ID
Fioavbl

f1aIn
Fooaist.

H15ID
Fioapsb

fralb
Fioav

K1 1D
Frostsl

RTGIG
Fioalilb

prelh

PioSHL .



379

Table 7.1 Total deflection given by the approach of two
flat steel platens when a steel roller is loaded between
them, and also roller and platen deflections as obtained
by the finite-element method.

Width of platen= length of roller= 0.45 in.

Load on Half of Roller Platen Total

Roller Roller {deflectionjdeflectionjdeflection
P deflection (each)

1lbs. thou. thou. thou. thou.

250 0.0485 0.0970 0.0589 0.2148

500 0.0919 0.1838 0.1128 0.4094

750 6.1327 0.2654 0.1640 0.5934
1000 0.1716 0.3432 0.2133 0.76%8
1250 0.2099 ©0.4198 0.2620 0.9438
1500 0.2475 0.4950 0.3101 1.1152
1750 0.2847 0.5694 0.3577 1.2848
2000 0.3215 0.6430 0.4049 1.4528
2500 0.3900 0.7800 0.4942 1.7¢84
3000 0.4570 0.9140 0.5821 2.0782
3= axpN A,=0.6688x107°

N=0.9031 | A,=0.3650x107°
N=0.9220 A2=o.1396x10‘5
N=0.9136

Values of A are given taking unit of deflection as in.



TABLE T2 SUMMARY OF RESULTS OBTAINED Hy FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER HEARINGS s

SL
NO

8

12

1
24
3%)
G
[l

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

ROLLER POSITION

6

763
557

763
559

763
561
763
562
763
566

163
564

489
378

357
292

229
176

229
187

229
199

229
207

7

609
393
609
396
609
3948
609
400

609
404

609
402

335

194

1689
69

168
110

131
59

34
0

0
0

AREA OF THIS AND SURSEWUENT CASES=]1.35 INe

BEARING RADL RPM
NUMAER LOAD IN

LsS 1000 1 2 3 4 5

RS=220600 5000 0 1277 1251 1177 lo62 919
1053 1038 979 875 728

RS=220600 5000 0 1277 1251 1177 lo62 919
1056 1041 981 876 7390

RS=220600 5000 0 1277 1251 1177 1062 919
1059 1043 982 877 731

NS=220600 5000 0 1277 1251 1177 1062 919
1060 1045 984 878 732

ps=220600 5000 0 1277 1251 1177 1062 919
1065 1049 987 882 736

PS=220600 5000 0 1277 1251 1177 1062 919
1062 1046 985 879 733

NS=220400 5000 0 1014 988 911 794 648
915 898 832 T19 562

f1S«220300 5000 0 944 914 829 697 533
' 909 889 815 687 508

PG=22n200 2000 0 437 427 397 350 292
379 372 346 3Ip3 245

FG~220200 3000 0 569 5%2 502 426 33)
545 534 649)1 416 312

f1S=220200 5000 0 950 913 807 643 442
920 896 Bl2 664 456

RSw220200 8000 0 1554 1485 1287 985 616
1491 1450 1303 1044 669

THICKHWESS OF OUTER RACE SHEAR AREA =0.,450
THICKMESS OF OUTER RACE SHEAR AREA =0.0675
THICKMESS OF OUTER RACE SHEAR AREA =04900
NHYCKNESS OF OUTER RACE SHEAR AREA =14125
NHICKMESS OF OUTER RAGCE SHEAR AREA =al,800

THICKMESS OF DeRs SHEAR

INCHES
INCHES
INCHES
INCHES
INCHES

8
473
245
473
257

473
260

473
262

473
266

473
263

201
36

4b

114
54

48

<o o o o

9

368
159

368
161

368
163
308
165

368
168

3oy
166

100
0

0
0

T2
14

o

o o o o

10

301}
106

3ol
108

301
109

301
111

30l
114

301
112

39

O~ OO0 O

oo (= =] o o

11

279
B9

279
90

279
92

279
93

279
96

279

94
20

38

o

o o o o oo

TOTAL DFLNS N

OOR.

267
447
267
443

267
439

267
437

267
431

267
434

216
375
Q02
381

99
159

127
232

203
395

320
639

A IN OF

IsRa

207
234

267
235

267
235

267
236

267
236

267
236

216
208

202
209

99
91

127
130

203
213

320
335

BRGe
361
68S
361
666

36l
652

361
641

361
619

3h1
633

378
702

429
810

161
273
259
484

533
932

949
1593

AV gopY
STFNS DFLN
LB/ IN O¢Ros
13.8%9

Te299 245
134850

T+508 229
13,850

T+669 217
13,850

Te800 208
13.850

84078 190
13.:.85%0

T899 201
13.228

74173 204
11655

64173 206
124422

7326 Bl
11583

64198 123
9.381

54365 206
B4430

5022 327

EPSLN LOAD
SHRG

.€. FCTR
1.33 5,11
“-21

133 65,11
4e22

1,33 5,11
4424

133 5,11
(6.24

1.33 5,11
4426

1433 5,11
4425

1.03 4,06
3.66

85 3,78

3.6¢4

lel2 4,37
3.79

- +89 3.79
3.63

«69 3,80

3.68

‘61 3.88

3473

EQV.:
LOAD
Las

7159
50458

7159
5870

7159,
5882
7159
5694

7159
5914

7159
5901

5475
494

4969
4839
2389
2066

3017
2910

4868
4829
7834
7756

RACES

RIGID
FLxuL

RIGID
FLxuL

RIGID
FLxBL

RIGID
FLxbL

RIGID
FLXBL

RIGID
FLxig,

RIGID
FLXBL

RiGglD
FLXBL

RIGLID

FLxbL

RIGLD

FLXuL -

RIGLID
FLXBL

RIGID
FL.xeL

CONTINUED
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TARBLE 7.2 SUMMARY OF RESU|TS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER REARINGS,

SL
NO

13

14

16

17

1A

19

20

BEARING
NUMAER

RS~220000

15+220600

nS=240600

RS~240%00

RG=240200

f15=2460200

1RS=2450200

PS=26 0000

RS+240600

RPS=250600

RS=250400

RS=250200

RS-250200

REm250200

FS=250000

RADL RPM
.L0AD IN
LBS 1000 1
5000 0 1018
964
5000 0 1209
1110
5000 0 1277
986
5000 0 1014
884
2000 0 437
36
5000 0 950
a7
BoOOQ 0 1554
1399
5000 0 1018
HBg
5000 0 1209
962
5000 0 1277
869
5000 0 1014
834
2000 0 437
338
5000 0 950
813
8000 0 1554
1293
5000 0 1018
803

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2 3
964 807
929 818

1102 797
1046 834
1251 1177
974 920
988 911
874 825
427 397
357 336
913 807
864 818
1485 1287
1387 1313
964 807
BT7 826
1102 797
Y46 856
1251 1177
872 853
988 911
839 8210
427 397
339 333
913 8a7
B2y 821
1485 1287
1309 1315
964 807
416 A2b

4

569
623

344
469

1062
821

794
728

350
297

643
712

905
1138
569
Tol
344
627

1062
780

794
160

350
397

643
773
91y
1246

569
5

ROLLER POSITION

5

282
347

0
Q

919
674

648
574

292
238

442
525

616
809

282
464

191

9219
632

648
628

292
250
442

630

616
1010

282
624

6

229
248

229
312

99

763
429

489
400

229
164

229
351

229
510

263

7

0
0

0
0

609
326

335
150

168
89

34

oo o o o

168

8

O

10
0

279

TOTAL DFLNS IN

O«He

216
431
254
h24
267
400

216
361

99
152

203
367

320
585

216
386

2564
448
267
349
216
335

99
141

203
328
320
515

216
330

M IN OF

I.Re
216
225

254
260

267
337

216
343

99
137

203
398

320
651
216
450
254
572
267
532
216
630

99
242
203
734

320
1209

216
834

BRGe

781
1184

914
1347

361
677

378
817

161
3ny

533
1078

949
1834

781
1350

914
1548

361
789

378
1067

161
396
533
1361
949
2299

741
16460

800Y

AV

STFNS DFLN
LB/ IN OeRe
6402

4e209 202
54470

3.712 187
13,850

T+3R6 202
13,278

6el20 207
124422

6eh04 82
9,381

4e6138 209
84430

40302 334
6s4n2

3eT04 207
54470

3+230 197
13.85%0

64337 206
13.228

4e616 211
12422

S5¢0%) 84
943K

3674 214
84430

3e480 343
6,402

Je012 214

EPSLN LOAD EQVe:
LOAD

€.
4.50
030
1033
1.03
1.12
W69
61
S0
30
1433
1403
1,12
269
061

50

SHRG
FCTR

407
3.8{{'

4,84
bohty

S.11
3.94

4,06
3.54
4,37
3.62

3.80

3,88
3.50
4,07
3.54
4,84
3,85

5,11
Je4R

4406
3434

4,37
3.38

3.680
3.25

3,88
3.23

4407
3.2}

~.5005

2389

)

RACES

LBS

5000
4900

RIGID
FLXBL

5575
5302

RIGID
FLxBL

7159
5478

RIGID
FLxuL
5475
4062

RIGID
FLxHbL

2389
1994

RIGID
FLXBL

4868
4795

RIGID
FLxsL

7834
T6T74

RIGID
Fi.xHL,

5000
4807

RIGID
FLXBL
5574
4962

RIGID
FlLaBL

7159 RIGID

5475
4854

RIGLID
FLxXBL

RIGID
1951 JFLxbL

4R68
4814

RIAID
FLXBL

R16ID
FLXBL

7834
7701

5000
4811

RIGID
F1 xhL

COMTY HIIED

FLx8L ~

18



TAGLE Tep  SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS,

SL
NO

28

29

3

3z
33
34
35

36

HEARING
NUMBER

NS+250600

15=25%0200

HS=2%p200

1P§~250200

wS=230600

R5=230300

rnS=-230000

nS+230600

NS«=320600

PS=320300

PS=32n000

RGe320600

KG=340600

RADL RPM
Loab IN
LBS 1000
5000 0
2000 5
2000 10
2000 20
5000 0
5000 0
5000 O
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0

1

1209
117

438
436
340
33a

441
434
345
330

451
424

363
336

1277
1045

944
993

1010
948
12009
loaa
1277
974
D44
H49

1018
89n

1209
1037

1277
914

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2

1102
8oz

428
426
341
339
430
423
346
339
449
413
365
337

1251
1030
914
ans

964
921

1102
1032

1251
1014

914
877

964
919

1102
1034

1251
951

3

197
842

397
396
335
333

400
393
340
333

410
383
359
332
1177
969

829
816

807
820
797
840

1177
996

829
842

807
849
797
8T}

1177
933

4

344
823

351
349
3a8
397

353
347
Nb
a7

364
336

334
307

1062
864

697
692
569
636
344
496

1062
aaa

697
To9

569
649

344
499

1062
Bp6

ROLLER POSITION

5

0
598

293
29
25?2
250
296
2u9
257
250
306
279
278
251

919
718

533
513

282
365

n
7

919
728

533
514

a8eg

354

919
665

6

0
11

230

e¢ab
166
164

233
226

171
164

243
215
189
162

763
547

357
292

22

763
549
357
283

& o

763
480

7

0
0

168
167
63
61

171
164

59
181

154
76

49

609
i85

189
60

609
3s2
189

49

609
308

8

0
0

115
113

117
110

127
100
27

473
246

473
169

9

0
0

69

b6
59
a7

368
150

o

368
81

10

0
0

48
46
2
0
50
44

7
0

61
33
27

0

301

[Xe]
o oo oo W= OO0 OO (= =) o

o

301
37

11

279

~
(=T ¥

oo [= =) o

279
24

TOTAL DFLNS IN

O«Re

254
335

99

142

100

144

lo2

153

267
427

202
379

216
424

254
515

267
502
202
450
216
505
254
608

267
469

A 1IN oF

T«Re

254
1130

99

243

99

245

97

252

267
2548

ao2
239
216
265

254
312

2h7
219

202
1u8

216
213
254
247

267
313

BRG o

914
1952

161

398

161

403

161

422

361
642

4?79
818

781
1219

914
1385

361
672

429
B62

781
1243
9214
1407

361
T14%

AV BgODY EPSIN
STFMS  DFLN
LB/ IN O«Ro :
54470 +30
245A1 215
12:422 1el2
54025 84
12,422 112
4963 84
12+4P2 112
40739 84
13.8%0 133
T+ 7R8 201
114655 85
Se9n7 206
6e4n2 e 50
4elng 202
Se4T0 «30
3+610 188
13,850 1433
Te440 216
114655 85
S«H00 218
6e402 50
4e¢023 213
S¢470 30
3e554 198
13.850 1.33
T7+003 216

LOAD EQVe:

RACES
SHR@ LOAD
FCTR LHBS
4,84 5575 RIglID
3,11 4836 FLXBL
4,38 2387 RGD 0OR
4436 RGH IR
40 1954 F. X OR
3.3a FLX Ir
441 2378 RGD OR
4,34 RGH In
3.4% 1959 FILX OR
3434 FLX Iw
4,51 2348 RGH 0N
[N RGH IR
3463 1986 FLX ORn
3436 FLX IR
Sel1 7159 RIGID
4,18 STIAR FLxXBL
3,78 4969 RIGID
3,61 4832 FI X8l
4,07 5000 RIGLD
3,79 4880 FLxBL
4,84 5575 RInI
4435 5267 FLxul
S¢11 7159 RIGID
3.90 S57B2 FLXBL
3,78 4969 RIGID
3,490 4823 FLXuL
4,07 5000 RIGID
3,59 4872 Fixsl
4,84 5575 RIGID
4415 5231 FLXBL
5.11 7159 RIGID
366 5390 FLxHIL,

'

CONT ThlL
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TASLE 7e+p SUMMARY OF RESULTS OBTAINED BY FINITE ELEHENT ANALYSIS FOR STEEL RADIAL ROLLER HEARINGS.

SL BEARING  RADL RPH LOAD DISTRIBUTION IN THE BEARING IN POUNDS TOTAL DFLNS IN AV BODY EPSLN LOAD EQV;’ RACES
NO HUMBER LOAD  IN ROLLER POSITION M IN OF STFNS QFLN € SHRG LOAD
LBS 11000 1 2 3 4 5 6 7 <] 9 10 11 O¢Re leRs BROse LB/ IN DeRe B FCIR LBS

41 RS=340300 5000 0 944 914 829 697 533 357 189 48 0 0 0 202 202 429 114655 «85 3,78 4969 RIGID

819 656 842 735 553 306 206 0 0 0 0 431 357 995 54025 221 3.2 4810 FxBL

42 HS~340000 5000 0 1018 964 807 569 282 0 0 0 0 0 0 216 216 781 6402 50 4,07 5000 RIGID

83> 870 853 719 465 87 0 0 0 ] 0 458 434 1401 3569 218 3.33 4807 FLxBL

43 RS+340600 5000 0 1209 1102 797 344 0 0 0 0 0 ] 0 254 254 914 54470 30 4.84 5575 RIGID

904 939 885 647 190 0 0 0 n 0 0 527 553 1601 34123 208 3.62 4945 F xBL

44 RSw&20600 S000 n 1277 1251 1177 1062 919 763 609 473 368 391 279 267 267 361 13.8%0 133 5,11 7159 RIGID

1087 1045 906 791 705 549 378 230 129 73 55 449 240 710 74042 251 443% 5707 FLXBL

45 15=420300 5000 0 944 914 829 697 533 357 189 48 0 0 0 202 202 429 114655 85 3,78 4969‘RIGID

959 915 775 645 508 289 42 0 0 0 0 417 219 911 50418 245 3.84 4R66 FIxHL

46 14S=420000 5000 0 1018 964 807 569 282 0 0 0 0 0 0 216 216 781 64402 150 4,07 5000 RIGID

1007 9%1 779 597 360 12 0 0 0 0 0 440 234 1288 3.882 230 4,03 4943 FLxBL

47 RS+4200600 5000 0 1209 1102 797 344 0 0 0 0 ] 0 0 254 254 914 54470 ¢330 4.84  B5TH RIGID

1145 1057 797 469 S 0 0 0 0 0 0 h32 266 1447 34445 201 4.58 5332 F xUL

48 pS=~440600 5000 0 1277 1251 1177 1062 919 763 609 473 368 301 279 267 267 361 13.8%0 1¢33 5411 7159 RIGID

i 1006 973 852 747 656 489 308 1b8 64 18 5 412 344 751 646L8 251 4,02 5317 FpxUL

49 ps-440300 5000 0 %44 914 829 697 533 387 189 48 0 ] 0 202 2n2 429 1146485 e85  3,7TH  4%69 RIGID

: 917 u#88 T80 6p0 S48 320 22 0 0 0 0 349 392 190%0 beT6H2 251 3,67 4023 FLxBL

56 PS=440000 $000 0 1018 964 807 569 282 0 0 ] 0 0 0 216 216 781 6e402 «50 4,07 5000 RIGID

’ 930 901 789 669 475 100 0 0 0 0 0 424 46T 1454 34439 243 3.72 4826 FuxdL -

51 HS+440600 5000 0 1209 1102 797 344 0 0 0 0 0 0 0 254 254 914 5470 e30 4,84 5575 RIGID

loo2 962 817 699 211 0 0 0 0 0 0 500 S5H3 1649 34032 222 4401 4985 FLXBY

57 ns=520600 5000 0 1277 1251 1177 1062 919 763 609 473 3608 3p) 279 267 267 361 13480 1433 5,11 7189 RIGID

1033 1023 976 084 76 516 362 247 156 103 85 451 231 6H4Y TeT16 212 4013 5307 K iU

53 RS-520300 5000 0 944 914 829 697 533 357 189 48 0 0 0 202 202 429 11,655 85 3,78 4969 RIGID

896 AT79 Bl16 698 514 269 42 0 0 0 0 398 206 831 64017 217 3.58 4820 F xR

%4 1Sw520000 5000 0 1ol 904 807' 5609 282 0 ) 0 0 . 0 0 0 216 216 781 64402 ¢S50 4,07 5000 RIGID

959 921 820 637 362 4 0 0 (] 0 0 451 222 1212 44125 212 3.80 4881 FLxiL

L5 1G+520600 5000 0 1209 1102 797 344 0 0 0 0 0 ] 0 254 254 914 54470 o30 4,84 5575 RIGID

1097 1037 838 419 0 0 0 0 I} 0 0 550 257 1317 30631 194 4,39 526% Fy XL

CONT [t
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TAHLE 7¢7 SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS.

SL
NO

56
57

S8

64
61
62
63
64
6%
&6
67
68
69

To

BEARING
MUMLER

RPSwS 40600
1G«540300
RS=540000
#5+540600
RG=~620600
RS=620300
1#§=620000
RG+620600
FS=640600
95-640309
US-bﬁOOOO
5+640600
RS=T20600
bSwT20300

RPS=120000

RADL RPM
LOaD  IN
LB8S 1000 1
5000 0 1277
961
5000 0 Q44
B63
5000 0 lolo
B79
5000 0 1209
956
5000 0 1277
1120
5000 0 944
a2
5000 0 lola
962
5000 0 1209
1118
5000 0 1277
1024
5000 0 944
8Ty
5000 0 1014
204
5000 0 1209
967
5000 0 1277
1160
5000 0 944
Q1%
5000 0 1018
967

LOAD DISTRIBUTION IN THE HEARING IN POUNDS

2
1251
954

914
85ha

Q64
814

1lo2

942
1251
1103

914
891

964
929
1102
1051

1251
1016

914
06T
264
875

1102
946

1251
1142

914
892

964
932

3

1177
905

829
812

807
821

197
849

1177
1041

829
818

807
817

797
832

1177
962
829
820

807
825

797
856
1177
1078
829
82y

807
416

4

1062
H29

697
731

569
713

344
639

1062
935

697
693

569
623

344
457

1062
863

697
721

569
Toe2
344
627

1062
972
697
696

569
618

ROLLER POSITION

5

919
674

533
554

282
473

0
204

919
7u9

533
22
202
351
0
0

319
717

533
558

282
470

149

919
827
533
524
282
345

6

763
460

357
295

7

609
296

189
21

< <o

609
459

189

109

609
370

189
75

609
494
169
134

8

473
174

48

473
321

40

473
230

48

473
361

44

9

368
87

0
0
0
0
0

0

3ed
223

(=] O o

368
130

o (==

368
2o

10

3m}
40

0
0

0
0
0
0

3nl
167

oo [~ -]

o

301l
92

30

P OO oo oo

[ =T I - ]

n

279
26

oo o

279
149

279

oo (=T =1

279
186

TaTAL DFLNS IN

Q4R

267
416

202
3Ty

2le
406

254
471

267
375

202
313

216
3ol

254
447

267

343 .

202
298

216
320
254
3r?
267
339
202
274

216
318

M IN OF
TeRe

267
334

202
371
216
447
254
565
267
248

202
209

216
225
254
262

267
352

2n2
363

216
445
254
573

267
7v6
2n2
209
216
2726

HRG»

361
693

479
068

781
1374

914
1573

361
604

4?79
T42

T8l
1119

914
1277

361
69

429
873

7681
1279

914
1479

361
578
429
643

781
1068

AV RODY
STFNS nFLN
LB7JY IN QaRe
13.850

7215 213
11,655

5¢165 219
6e402 .
3639 217
54470

36179 207
13.8%0

H,278 202
11,655

6739 205
64402

4-‘6(\“ 202
5470

3915 189
13.850

TeT04 202
114655
5727 208
6el02

3909 - 207
54470

33461 198
13,850

de05] 191
11,655

Te215 194
6e402

4602 192

EPSLN
€

1,33
85
50
+30

1433
035
«50
«30

1+33

«85

LOAD
SHRG
FCTR

5,11
3.84

.74
J.45

4407
3.52

4.64
3.82

5.11
4 o &eh

3.78
365
4407
3.485%

4,84
4l

5.11
4,11

3.78
3.9)

4407
3.5‘0

4 .84
3.8%

S.11
64

3.78
3.66

4,07
3.87

EQVs
LOAD
LS

7159
5397

4969
4802

5000
4802
5575
4946
7159
6254
4969
4854
5000
4899
5574
5325
7159
5743

4969
4828

5000
4005

5575
4963
7159
6497

49649
4865

5000
4907

RACES

RIGID
Fyxiib

RIGID

FrLAan

RIGID
FLxiL

RIGID

FLxsL

RIGID
FLxsLu

RIGID
FLXBL

RIGID
FLXxuL.

RIGID
FLXHL

RIGIO
Foxtit,

RIGID

FixbL -~

RIGID
Fraxui,

RIGIND

FLxsL -

RIGID
Frxut,

HIGID
FroxbL

RIGID
FLyusb

CONTIMNED

.

0



TABLE 7.2 SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER HEARINGS.

SL
MO

IA

72

73

74

75

76

77

81

82

Baw

BEARING
HNUMHER

PS+T20600

NG=740600

115=740300

1'S=-740000

1S+740600

PS«B820600

RG=-820300

ns~820000

RS+820600

R$=B40600

HS=B40300

nG5-840000

ns+840600

HR=220600

RADL RPM
LOAD IN
LBS 1000
5000 0
5000 O
5000 0
5000 O
5000 0
5000 0
5000 0
5000 0
5000 0
5000 U
5000 O
5000 0
5000 0
5000 0

1

1209
1132

1277
10548

944
841

1ol
ans

1209
967

1277
1194
D44
921
1014
94 n

1209
1155

1277
los3a

944
Hises

1018
390

1209
977

1277
1160

LOAD DISTRIGUTION IN THE BEARING IN POUNDS

2

1102
1059

1251
1045
914
A69

964
87%

1102

948
1251
1174

914
HoH

64
941

1102
1974

1251
1069

914
874

964
B8O

1102
957

1251
1115

3

197
828

1177
990
829
821
an?
825
797
857

1177

1096

829
813

807
808

797
814

1177
1002
829
815

807
818

797
849

1177
1038

4

344
437

1062
a9l
697
722
569
701

344
622

lo62
1000

697
607

569
610

344
413

1062
()12
697
Tah

569
7ol

344
615

1062
930

BEARING OUTER RACES FOR CASE NOS.H4

ROLLER POSITION

5

0
n

919
744

533
561

282
470

181

919
655
533
531

282
333

0
n

9149
764

533
563

28z
467

0
169

919
T90

To 13}

0 .

6 7 8
0 0 0
0 0 0
763 609 473
568 399 249
357 189 48
342 94 0
0 0 0
117 0
0 0 0
\] 0 0
763 609 473
088 S28 390
357 149 48
340 150 0
0 0 0
16 0 0
0 0 0
0 0 0
763 609 473
588 420 240
357 189 48
347 107 0
0 0 0
118 0 0
0 0 0
0 3] 0
763 609 473
644 476 331
HAVE RIOBS.

9

0
0

364
167

0
n

364
290

368
230

10

0
0

30l
120

0

o

oo o o

30
173

11

279
106

o

oS o oo

279
157

TOTAL DFLNS 1IN

OOR.
254
393
267
308

202
ehba

216
280
254
331

267
J1e
202
246

2lé
262

254
343

267
283
202
236
216
250
254
290
267
347

M IN OF
InRQ

254
265
267
362

202
359

216
444
254
5717

267
263

ana
210

216
229
254
269
267
369
2a2
354
216
447

254
L85

267
255

HRG

914
1222

361
623

429
822

781
1277

914
1429

3h1
541
479
640
781
1012
914
1160

a6l
5A6

429
769

781
1173

914
1373
361
590

AV poDYy
STFNS OFLN
LB/ IN OeRs
S¢470
44092 181
13.850
Be026 192
114655
0e0d3 196
behn2
40075 196
54470
3,409 189
13.8%0
9|2162 164
11.655
T.813 166
boean?
4e941 164
Se4T0
44310 157
13.850
BebHa2 165
11,655
645n2 168
64402
4e2603 167
54470
34642 162
13.8%0
Hed 75 196

EPSLN LOAD EUVe RACES
€ SHRG LOAD
- FcTR LBS

«30 4,84 557% RIGID

4,53 5364 FxBL

1¢33 5,11 7159 RIGID

4423 5921 FLXBL

B85 3.TH 4969 RIGID

3.52 4H3T FLxBL,

. e50 4,07 5000 RIsID

3.54 4H05 FLXBL

#30 4,84 58575 RIGID

3.87 4971 FxBL

"1433 S.11 7159 RIGID

G.TH 66T2 FLxHL

e85 3,78 . 49069 RIGID

3.6 4873 F I xBL

50 4407 5000 RIGID

3,92 402% FyxidL

W30 4,84 5575 RI1GID

4,62 5422 FLxBL

133 5411 7159 RIGID
4,33 6047 FLxXBL -

85 3,78 4969 RIGID

3,54 4843 Fpxbl

«50 4,07 5000 RIGID
3e5hH 4R80T FxBlL -

+30 4,84 5579 RIGID

3,91 4987 FyxBL

1433 5,11 7189 RIGID

4404 6316 FixyL

CONTINUED
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TABLE 7.2 SUMMARY OF RESULTS OBTAINED By FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS,

SIS
NO

e85

21

BT

aa

71

92

93

94

95

(Jﬁ

97

99

BEARING
MUMIER

RPR=220300
PR~270000
RR+2P0600
RR=240600
RR=2460300
PR=240000
RR+260600
WR-3?0600
HR=320300
RA~320000
PR+320600
RR=340600
rR=-340300
2R~340000

PR+340600

RADL RPH

LOAD

LS

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

IN
1000

0

1

944
93n

l1oln
989

1209
1159

1277
1n62

D44
901

10148
900

1209
947

1277
1177

Y44
926

101n
974

1209
1146

1277
lo72

944
19,

lo18

094

1209
976

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2

914
95

964
932

1102
1058
1251
1025
214
70
D64
AT7
1102
947
1251
1149
914
697
964
935

1102
1063

1251
1051

914
873
264
878

1102
951

3

829
810

B07
807

797
819

1177
959
829
813

Bo7
817

797
048

1177
1077

u29
816

807
812

797
Az22

1177
989

829
81n

807
822
797
853

4

697
604
569
612

344
441

1062
859

697
T3

569
6n4
344
619
1062
967
697
690

569
611

344
427
1062
an?
697
717
569
6097
344
616

ROLLER PUSITION

)

533
517

282
342

0
U

919
717

533
554
282
465

183

919
826

533
524

282
339

919
Ta2

533

558

282
406

177

6

357
329

0
24

7

169
121

0
0

0
0

609
383

189

oo < o

609
508

189

141

0
n

0
0

609
407

189
101

0
0

0
0

8

48
0

473
237

44

(=1

o o o

473
367

4

0
0

473
264

48

o o o

(=3

9

368
144

0
kKI.I
113

0
0

368
169

0
0

10

oo

(=R =N -]

3ol
97

0

301
121

o o o o

o

o O C O

11

oo

279
063

<

o o o o

279
187

TOTAL DFLNS 1IN

OsRe

202
288

216
333

254
413

267
316

2nz
213

216
293

254
347

267
aré
202
262

216
304

254
376

267
296
202
250
216
267

254
316

v 1IN OF
I.Re

2oe
213

216
230

254
268
267
360

202
364

216
451
254
5H2
267
259
202
211

216
228

254
267
267
365
202
361}

216
[Y:]

BRG

429
724

7R1
1099

914
1253
361]
6135

429
855

741
1260

914
1460
361
568

4729
6n2

781
1056
914
1207

361
6413
479
B12
781
1216

914
1417

AV RACES

STFNS DFLN < SHRG L.OAD

LB IN QR . FCTR LBS
11,665 85 3,78 4969 RIGIO
6.906 200 3,75 4868 Frxul
Gebn2 S0 4,07 5000 RIGID
4e550 197 3,96 4918 FLxlL
9¢470 «30 4,84 5575 RI1GID
3,990 184 4,60 B365 FLxiL
13,860 1433 S,11 7159 RIGID
Te874 197 44725 5788 FLXBL
114645 85 3,78 4969 RIGID
HellaH 202 .60 4837 FLxsL
6ebn?2 ¢S50 4,07 5000 RIGID
3,968 202 3.62 41809 FLxob
5-‘#70 «30 "tol’“ﬁ 5575 HIGID
34475 193 3.99 4976 FxusL
134850 1433 5,11 T1589 RIgIp
Betinl 186 4471 6524 FLXBL
11,659 +85 3,78 4969 RIGLD
7.331 189 3.70  4B72 FLXBL
behn? e50 @407 5000 RIGID

497735 187 3.97 4918 FLXHL'

5470 130 4484 B557H RIGLID
4e143 176 44,58 53yl FLxiL
134860 1433 5,11 7159 RIGID
Uo7 187 4429 5939 F xBL
1146455 B85 3,7TH 4969 RIGID
64188 152 3,56 44842 Fx8L
602 250 4,07 5000 RIGIN
4e1)2 191 3,58 4808 FLxub
S5«470 30 4484 5579 RIGLD
3579 184 3,90 4980 Fenl
CONTInulED

BODY EPSLN LOAD EQV.



TABLE 7+ SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER HEARINGS.

SL
NO

ioo

10

107

103

AEARING
MU

RR~420600

RR~420300

RR=420n000

RPR+&20600

ER=f40600

PR=440300

PR=440000

RiR+440600

WR=520600

HR=5P0300

RR=520000

ui+520600

" tR=540600

R=540300

RR=540000

RaDL RPH
LOAD IN
LBS 1000
5000 0
5000 0
5000 0
5000 0
5000 6
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0

1

1277
1199
V44
924

11
9413

1209
1159
1277
1087

944
889

1018
hua

1209

980
1277
1110

944
397

1016
9446

1209
1105

1277
1019

944
86y

1010
Hea

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2
1251
1177

914
900

964
943

1102
1076
1251
1071

914
876

964
881

1102
954

1251

1101

914
879

964
920

1102
104%

1251
1013
914
857

964
866

3

1177
1096

829
812

8o7
807
197
g1e
1177
1001

829
814

807
817
797
6848
1177
1069
829
832

807
832

797
848

1177
986
829
832

. Bot
839

4

1062
994

607
695
569
607

Ink
409

1062
N1
697
122
569
699

344
613

1062
DTN

697
710

569
6133

344
44595
1062
89
607
735

569
T4

ROLLER POSITION

5

533
555

282
465

6

763
690
357
341

0
17

763
54

387

329

107

7

609
531

189
153

0
0

0
0

609
423

189
110

609
463

189
110

609
373

189
75

]

473
393

44

oo o

473
an2

48

473
330

o

c o oo

235

9
des
291

0
0

)]
0
0

0

Jo6H
184

368
237

10

3l
231

[~ (=2 =}

do
13

Q- oo

oo (=]

3Jnl
181

o oo o

301
103

o

11

279
21l

oo oo o

279
124

oo o

oo

279
164

oo <o o S o

TOTAL DFLNS IN

OsRe

267
308

202
242

216
277

254
338

267
219

202
232
216
245

254
2495

267
374
202
308

216
354
254
434
267
3@3
202
295

216
315

M IN OF
Leie

267
264
202
210
216
230
254
270
267
a7l
202
359
216
448

254
506

267
240

202
2098

216
222

254
259

267
350
202
356

216
440

BRG

361
515
429
614

781
1005

914
1152

ol
540

429
762

761
1166

914
1366

361
576

429
705

781
1081

914
1239
a6l
621
{’2.()
83%

781
1240

AV RODY EPSLN LDAD EQV. RACES
STFNS DFLN e SHRG 1LOAD
LHZL IN OeRe T FCTR '~ LBS
13,8%0 1633 5,11 7159 HIAID
94346 160 4,80 6679 FLxHL
11685 W85 3,78 4969 RIAID
7886 162 3.70 4876 FLXBL
Gebn2 «50 4,07 5000 RIGID
44975 160 3.93 4930 FyxiL
50470 «30 4,484 5575 KIGID
44340 152 4464 B431 FLxsL
13.8%0 1433 S,11 7159 RIGID
“0‘.‘!?1 160 ‘0.3‘5 6049 f‘lKUL
11+64%5 085 3,78 4969 RIGID
6+502 163 3«56 4845 F XL,
6e4n2 «50 4,07 5000 RIGID
44268 163 3.57 4808 F 480
54470 ¢30 4,84 5575 RIGID
34660 158 3.92 49990 FL xHL
13,850 1¢33 5,11 T719%9 RIGID
BebH] 179 4e44 6328 F xBL
11655 e85  3,7H 49069 RIGID
74092 182 3.57 4848 FLxul o
6402 «50 4,07 5000 RIGID
44675 179 3,78 48b8 FLxibL
5¢470 « 30 4,84 5575 RIGID
44036 169 Gek? 5316 FLXUL -
13.850 133 S.11 7159 Roid
Be 042 180 4,08  B79T FLXUL
1146%5 B85 3,7H 4909 RINLD
Se988" 184 344 G4R2H Fxuy,
6.402 oS50 4,07 5000 RicIN
44072 193 348 4804 FL XL

CONT INUED
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TABLE 7e2

SL
NO

115

l1A

117

118

119

120

121

126

127

128

129

BEARING
HUMRER

PPR+540600

RR=620600

HRw=620300

RPR=620000

RR+620600

HR=640600

F=640300

2 PR~640000

RR+«640600
RR=T20600
PR=T20300
PRe«T20000
RRe720600
P=T40600

RA=T&0300

RADL RPIf
LOAD IN
LS 1000
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0

1

1209
Q44

1277
1156
DA
907
1018
963
1200
113n
1277
1055
44
074

101
Han

1209
969

1277
119)
Qh gy
217

lo1s
977

1209
1153

1277
108)

0[04
3

LOAD DISTRIBUTION IN THE BEARING IN PUUNDS

2

1102

939
1251
1143

914
889

G964
931
1102
1061
1241
104%
914
R6T

9ha
at4

1102
949

1251
1174

914
896
264
940

1102
lo74

1251
1068

914
873

3

797
8712

1177
1081

829
819

807
816

797
627

1177
992

829
820
807
824
797
857

1177

1100
829
815

o7
810

797
815

1177
1005
829
816

4

344
633

1062
990

697
Tné6
569
6bo4
344
438

1062
9a6

697
731

569
710
344
6pT

1062
1006

697
Tol

569
612
344
413
1062
l)17
697
126

ROLLER PUSITION

5

0
180

919
834

533
530

au2
343

0
0

919
149

533
562

282
469

377
919
P
533
532
202
332

919
767

533
563

6

]
0

763
584

357
4T

7

0
0

6UY
498

189
131

1]
0
0

0

609
398

189

28

609
527

189
144

609
419
169
106

8

0
0

473
362

48

[=]

473
2b9

48

473
390

44

o <o o

473
280

44

o o <c o

361
170

368
291

368
188

10

0
0

301
211

142

11

279
193

o o oo oo

279
112

TOTAL DFLNS IN

Q«Re

254
369
267
341

202
275

216
316
254
347
267
311

202
763

216
270
254
328

267
313

202
247

216
281

254
342

267
285

202
237

M IN OF
I«Ro

254
$69
267
255
202
207
216
225
254
264
267
360
202
356
216
442
2h4
576
267
2nhe

202
209
216
229
254
269

267
364

202
as¢6

BRG

214
144}

36l
554

429
669
781
104%

914
1107

361
603

424
794

781
1203

914
1404

361
528

429
676

781
997

914
1145
361
573

14?9
754

SUMMARY OF RESULTS ODTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER REARINGS,

AV
STFKS

BODY
OFLN

LH/W IN OeRs

5470
30470
13,850
BeYh)

11.655
Te674

bebn2
4 THQ

S5¢470
44177

13.850
8e292
11,685
Ge266

64402
4e156

54470
345A1

13.8%0
94470

11.655
74987

6ebn2
5015

54470
90367

130“50
BaT726

114655
HebH}

176

171

173

171

163

172

175

175

169

151

153

151

144

EPSLN

30
1.33
.ﬂs
+50
«30
1433
WB5
«50
«30
1.33
85
«50
v 30

1433

LOAD
SHRG
FCTR

44,84
3.8n

5.11
4,62

3,78
3.b3
4407
3,85
4,86
4,57
5,11
4,22
3.7H
3,50

".07
3.52

4,84
3.85

5,11
4.76

3,74
3.67

4407
3N

4484
4.61
Sell
4e32

3,78
3.%3

FQV.e
LOAD

RACES
LBS

5575
4959

RIGID
FLxsL

RIGID
FLXBL

7159
6523

4969
4859

RIGID
FLxHl

5000
4902

RIGID
Fioxid,
5575
5304

RIGID
Fi.xul

7159
5941

RIGID
FLxBL

4969
403%

RIGIO
FLyuel

5000
12

RYGID
FrXdL

5574
Hh9Q6YH

RIGID
FLYIL
7159
668)

RIGID

4969
4879

RIaID
Fi Xt

5000
4922

R16ID

5575
S42i

R1GID
FLxiL

7159
6150

RIGIH
FLxdiL,

4969 RIGID
4RGD FLXIIL,

CONTINUED

FLxBL *

FrLxae -

-

o



TABLE 7e¢# SUMMARY OF RESULTS OBTAINED BY F

SL REARING RADL RPH LOAD DISTRIDU
NO HUHBER LOAD  If
LS 1000 1 a 3 &4

130 PRE=T40000 5000 0 1018 964 807 569
Aga 879 829 703

131 pp+740600 5000 0 1209 11ln2 797 344
974 957 851 616

137 nT«220600 5000 0 1277 1251 1177 1062
" 1673 1260 699 493

133 pT«~220300 %000 0 944 914 829 697
1581 1159 573 328

134 npT=-220000 5000 0 lo0l3 964 807 569
15087 1145 S27 241

135 wT+220600 5000 0 1200 11902 797 344
1671 1206 542 134

136 KRT=220300 5000 10 9%np 920 834 To2
943 914 P27 69%
589 1165 577 322
15682 1150 570 325

137 wT=-220300 5000 20 969 939 851 716
941 911 824 649
16172 1183 589 J42
1584 11%6 S02 36

138 nT~220300 5000 30 1000 969 879 7Ta2
938 907 818 680
165%n 1214 610 360
1588 1152 548 299

139 pT=240600 S000 0 1277 1251 1177 1062
1570 1189 670 HH6

143 pr-240300 5000 0 944 914 BRY9 697
1489 Y1106 577 378

141 pT«240000 5000 0 lnlAa Qo4 807 5kA9
1473 1084 545 334

132w GEARING QUTER RACES FOR CASE NQS.132

-

INITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS,.

154

149

774

871

903

806

872

as]

TION IN THE BEARING IN POUNDS TOTAL DFLNS IH AV
ROLLER POSITION M IN OF STFNS
5 [5) 7 8 9 10 11 OeRo TeRRe BRGe LH//U' IN OeRe
282 0 1} Q 0 0 0 216 216 781 6402
4067 1106 0 0 0 0 0 250 446 1158 4e318
0 0 0 0 0 0 0 254 asé4 914 54470
168 ] 0 0 0 0 0 290 584  13%8 3.602
919 T63 609 473 368 301 279 267 267 a6l 13.850
566 66) ST 418 176 - 0 0 11 349 1080 44630
B33 357 149 48 0 0 202 202 429 114685
329 356 290 104 0 0 0 -82 336 1aal 3.729
287 0 0 0 0 0 0 216 216 701 betn2
158 72 0 0 0 0 0 -7 344 1678 24980
0 0 0 0 0 0 0 254 254 214 54470
0 o 0 0 0 0 0 42 363 1755 2849
537 361 191 50 7 7 7 203 2neg 431 1le601l
531 354 184 43 0 0 0
332 360 292 104 7 T 7 =31 336 1345 3.T17
326 353 286 97 0 1} 0
550 371 199 57 27 27 27 207 201 437 1le4s2
523 343 172 29 0 0 0
344 371 2300 104 27 27 27 =75 337 1348 3682
Jl6 344 272 76 0 0 0
%71 388 213 oY 62 62 62 213 201 447 11.186
Hin 326 151 7 0 0 0
363 390 312 104 62 a2 62 =67 338 1380 36723
301 379 25} 42 0 0 0

919 763 609 473 368 301 279 267 267 361 13850
55% 622 515 346 v4 0 0 =86 530 1lgzo8 441239
533 357 149 44 0 0 0 202 202 429 1l.06%5
415 440 312 29 0 0 0 ~192 589 1538 J.25]
242 0 0 0 0 0 0 216 216 781 6e4h2
330 2606 23 0 0 0 0 -229 6l 1938 225H0

TO 191 HAVE CRUCIFORM SUPPORTS,.

848

952

1002

€.
.50
.30
1,33

«B5

B4

B84

1033
W85

50

SHRG
FCTR

44,07
3.55%

4 .80
3.90

Sell
6,69

3,78
6,32

4,07
6435

4484
6.68

3.80
.77
6Hs36
6,33

3,848

3.76
6.45

003"0

4400

3.75
GO0
6435

5.11
6e2H

3,748
S5.96
4,07
5.89

RODY EPSLN LOAD EQV,
nELN

LOAD
LHS

5000
4806

5575
4986

7159
6834

4969
6265

5000
6225

5575
6560

4972

6270

4973

6284

49990
6312
7159
664686

4969
5933

5000
HEHQ

RACES

RIGLD
Flx8L,

RIGID
FL.xBL

RIGID
FLxBL

RIGLDG
FLxBL

RIGID
Fi xHL

RIGID
Froxal.

RGD 0R
R In
Fi.x on
FLx IR

Ran OR
RGH In
Frxe on
FLy IR

RGO O

RG 11
FLLX OR
Fux In

RIAID
FLXBL

RI6GLD
Fi xBL,

RIGIO
Fl. <l

CONT INUED

LS



TARLE 7¢2 SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER HEARINGS,

SL
NO

142

143

L44

145

146

147

148

149

150

153

154

BEARING
HUHRER

RT+240600

BT=260300

[RT=240300

PT=240300

RT~320600
HT=320300
PTw320000
1 T+320600

RT=340600

| LT=34n300

> NT=340000

NT+340600

NT=d70600

1

1209
1514

950
9473
1496
1489

969
94
1518

" 1499

RADL RPH
LOAD 1IN
LBS 1009
5000 O
5060 190
5000 20
5000 30
5000 0
5000 0
5000 0
5000 O
5000 0
5000 0
5000 0
5000 0
000 0

looo

9348
1558

1496

1277
1344
Dhi

1143

1014
1176

1209
1317
1277
1224

V44
1079

1018
1068

1209
1137

1277
1204

LOAD DISTRIBUTION IN THE HEARING IN POUNDS

2

1102
1116

920
914
1t
1105

939

911
1130
1103

969

907
1164
1102

1251
1203
914
looz
964
1019
1102
1126
1251
1101
914
957
964
950

1102
1011
1251
1205

3

797
569

834
827
581
575
851
824
595
567
879

814
621
560

1177
949
829
T40
an7
720
797
28

1177
B8HO

829
743

807
735

797
Tob

1177
1059

4

344
31l

To2
69%
an2
aTh

7106
6n9
395
3/8

T42

68Q
421
360

1062
791
667
567
569
477
344
310

1062
T40

697
603

569
478

344
517

1062
9106

ROLLER POSITION

5

0
123

537
531
424
413

550
%23
43%
408

7

510
465
403

919
115

533
40

282
260

0
0

919
656

533
S00

28
416
149

919
813

6
0

7

0
0

191
184
310
309

199
172
3z7
Joo
213
151
337

27%

609
565
189
2la

609
461

189
147

=0

609
562

3]

0
0

50
43
30
23
57
29
32

4

6y
7
62

o

0

473
427
48
4

0
0

0
0

473
322

48

c o

473
42T

9

SN N f= ]

[N
oND

364
267

0
0

368
174

36y
300

-

N

& N
oN SN N4 o~NoOo~N oo o

o
A=J1V)

301
112

0
0

301
34

o o oo

o

301
199

=
—

N

> N
N ONO N ONO N oo

(<
No

L=

279
41

n
~
o0 © v oo o

o

279
158

TOTAL DFLHS IN

O«Ro

254
=137

203

=191

207

=187

213

=175

267
161
202

92
216
126
254
215
267
117
202

57
216

64
254
127
267
226

M IN OF
IsRe

254
805

202

591

201

595

201

693

267
290

202
253

216
266

254
299

267
4n8

202
434

216
523
25%
654

267
276

BRGe

914
2102

431

1543

437

1558

447

1587

361
a11

429
976

751
1329

914
1450

361
862

479
1118

781
1817
9{6
1703

a6l
676

AY

nobny

STFNS  OFLN
LH/ML IN 0.R.

54470
24379

11601

3240

11e442

3.209

11.1R6

34151

13,8%0
64165

11.+685
5,123

6402
3e762
Sek70
3448

13.850
503{\0

114655
Hbel72

6402
3:296

5¢470
2926

13.8%0
T¢396

938

953

957

959

513

545

541

497

526

562

568

539

351

EPSLN LOAD EQV.
SHRG L0OAD

C-:v
«30

A5

B4

o84

1.33
+85
50
+30

133
85
50
+30

1.33

FcTR

4484
6.0A

3.80
3.77
5,98
5496

3.484
3,74
607
S.96

4,00

3.75
("23

5.98
S.11
5.38

3,78
4457

4,07
4e70

4 o84
5,27
5,11
4,90
3.78
4430
".0"
4427
4.8&
4,55

S5el1
H,00n1

LBsS

5575
5995

4972

5939

4973

5948

4990
6007
7159
6473
4969
5201

5000
5246

5675
5T44

7159
5904

4969
5028

5000
49717

5575
5192

7159
6669

RACES

RIGID
Froxat

R0
{en
Fl X
FLA

RGN
RGN
FLXx
Fl,x
RGH
RGN
Fix
FLLX

an
I
oR
In

0OR
In
0OR
IR

(1%
In
on
In

RIGID
FLxiL

KIGID
FLXBL

RYGID
FL xBL,

RIGIO

FLwbsL *

RIGID
Fi NBL

RIGID
FLABL -

RIGID
F{ XBL

R1GID
Froxhif,

RI1:1D
FLxiL

CONTLNULD

owe



TABLE 7.2 SUMMARY OF RESULTS OBTAINED By FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER REARINGS,.

sL
O

15%

165

16)

167

163

BEARING
HUNKBER

RT=420300
RT=420000
RT+420600
RT=&H0600
PT=440300
LT'4“000p
RT+440600
BT=Sr0600
PT=520300
PFT=520000

RT+520600

r RT=520300

RT=570300

1

944
1002

1018

10558

1200
1225

1277

1143

RADL RPH
LoAD  IN
LS 1009
5000 0
5000 Q
5000 0
5000 0
5000 0
5000 0
5000 0
5000 0
5000 O
5000 0
5000 0
5000 10
5000 20.

944
g1

1018
9451

1209
1036

1277
589

944
450

10149
448

1200
4564
YS0n
940

1373
457

69
941
Gt
451

LOADL DISTRIBUTION

2

914
941

964
977

1102
1105

1251
1098

914
906

964
90t

1102
902

1251
775

914
638

964
640

1102
671

920
914
645
638

939
911
tiivh
637

3

829
790

807
177

797
778

1177
979

829
742

807
790

797
822
1177
1189

829
1040

897
1062

797
1110
834
827
1048
1041
851
B24
1072
1044

4

697
645

569
553
344
353

1062
860

697
611

569
6655

344
573

1062
1222

697
10A3

569
1054

44
1025

To2
695

1070
1064

76
HARY
1093
1066

ROLLER POSITION

5

533
494

202
292

0
0

919
732
533
539

282
b44

10

919
an3

533
640

289
602

411

537
531
Oh46
639
550
523

664
636

IN THE BEARING IN POUNDS

[

as7
342

361
354
2n7
200

arn
340
217
199

7

189
181

0

191
144

199
172
27
0

a

48
20

50
43

57
24
a7

Q

l;)

—
=

n
o ~No N S ~N D~ o

N

10

0
0

301
114

[=4

(=}

n
QO ~NO N O ~NS ~N [ R ]

N

11

279

o o oo

279
300

o o

N
O ~NO N O~ND N oo

n

TOTAL DFLNS IN

O«Roy

202
159

216
149

254
250

267
194

202
144

216
152

254
193

267
718

202
706

216
Hat
254
1101
203

712

207

731

M In oF
TeHo

202
225

216
244

254
2ng

267
36

202
3va

216
475

254
614

267
143

202
115

216
116

254
121
2ng

115

20l

HRGe

429
36

781
11406

914

1279

asl
719

429
918

781
1317

914
1513

361
1212

4?9
1460

781
1900

914
2166

4731

1467

437

1486

AV
STFNS

RODY
DFLN

LB/ IN QR

11,055
be3n]

bahn2
40363

50"070
3909

13,859
6e9%4

11.655
Se447

64402
3797

54470
J.3n5

13,8450
4e1725

114655
34425

Geb4n2
26632

Seh70
2+3n8

11.6n1

34408

11.442

3365

359

354

336

354

363

364

351

739

769

769

174

769

768

EPSLN LOAD EQV.

<
A5
*50
+30
1.33
«8%
+50
+30
133
W85
«50
«30

o885

B4

SHRG
FCTR

3,74
4,01

44,07
4422

4,84
4,90

E:“lll
4.5”’

3.78
3.80

4407
3.80

4 H4
4410

5,11

2-3() ’

3.748
1.83

407
179

4,84
1.8?2

3,80
3.77
1e8A
1483

3.88
3.,7h
192
1.81

LOAD
LBS

6969
4977
5000
5038

5575
5580

7149
G044

4969
311301

5000
4045

54575
5060

7159
6396

4969
6527

5000
5535

5875
5508

4972

5549

4973

5574

RACES

RIGID
Fl.XxHL

RIGID
FL X,

RIGIN
FLoxhl.

R1GTD
Fxit

RTGID
FLXUL

RIGLD
FLxit

RIGLID
NI GIR

RIGID
Fyoxsl

RIGID
Floxtin

RIGIO

FLXBL -

R16ID
Fl Bl

RaN OR
R T
Fr.x on
FLx In

ke OR
Ron In
Fr< on
FLx 1y

CONTIHIED

1 be



TARLE 7e2 SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS.

s, DEARTNG
N0 HUNMRER

LBH PT=520300

169 pPT=%40600

173 RT=549300

171 PT=540000

L72 nT+540600

173 £T=540300

174 0T=540300

175 nT-~540300

176 LT~6#0600

177 pT~670300

178 kT-620000

179 pT+H20600

RADL RPH
LOAD  IN
LBS 1000 1
5000 30 1000
938
567
440
5000 0 1277
504
5000 0 944
474
5000 0 101n
462
5000 0 1209
460
5000 1o 9bo
Q47
474
467
5000 20 969
041
496
4609
5000 30 1000
934
he6
46p
5000 0 1277
960
5000 0 944
T4y
5000 0 1018
156
5000 0 1209
A4n

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2

969
907
696
634

1251
737

914
649

964
647

1102
6H68

920
914
653
646

939
911
674
647

969
907
706
644

1251
1017

914
792
964
809

lin2
B0

3

879
a8
1112
1051

1177
1122

829
1034

807
1053

797
1105

B34
827
1045
1038

451
8es4
1066
1039

a79

a18

1106
1044

1177
1108

a29
875

807
887

797
922

4

T42
610
1132
1070

1062
1139

697
1044

569
1046

346
1029

To2
695
1066
1049

716
649
1075
1048

T42
680
1114
10454
1062
1085

697
840
569
813
344
79

ROLLER POSITION

5

571
S1la
6Y3
631
919
739
533
632
282
605

0
441

537
531
SR HY
632

Sho
523
656
629

571
Slo
alie
62%
919
163

533
611

282
508

0
200

6

388
326
233
172

763
395
357
193

0
56

7

213
151
62
0
609
133

189
0

0
0

0
0

1191

184
7
0

199
172
27
0

213
151

62
n

609
vy

189

45

8

69
7
62
0
473
0

44
0

9

62
0
62
0

Joy
1]

39

oD

a7

10

o o

n
oo~ o o oo

o al]
o re o ~Ne -

sl
S

301
230

oo o

11

62
0
62
0

279
234

co oo

oO~do oo

o

N

<

o
-~ o~
WL aompen O ~NO -

25

o o (== =}

o

TOTAL DFLNS IM

QR
213

763

267
732

cpe
154

216
B66

254
1077

203

T68

ao7

777

213
806
267
476

202
429

216
531
254
701

M 11 OF
TeRe

2ol

113

267
212

202
194

216
225

254
279

202

196

201

185

2ol
196
267
216

202
174

216
142
254
205

BRG

447

1519

361
1300

429
1506

781
2035

914
2303

431

1617

437

1622

447
1655
36l
1008

479
1154

781
15648

914
1789

Av
STFNS

LB/ IN OsR,

11106
3292
13.8%50
3ebi6

114655
3.133

Se402
CettRT

5.470
20171

114601

3+092

11442

3e083

11.186

3:071
13850
44960

114659
44333

besb402
3e1R9

54470
27495

67

751

773

775

T4

772

773

587

589

549

589

e

B4

1.33

e85

«30

e85

<84

B4

1433
A5
50

30

S5HRG
FCTR

4,00
3.74%
2.03
1.78

5,11
2.2ﬁ

3.73
1.90

G407
1.85

484
1.84

3.00
3.77
1.90
1.87

3.4818
3,76
1498
1.84

4400
3.75
2+10
1.85

5,11
3.84

3.74
2096

4407
3.02

4,84
3.3n

AODY EPSLN LOAD EQV.
DFLN

1.0aD
L3S

499
5649
7159
5995

4969
5465

5000
5490

55754
5497

4972

5494

4973

5514

4990
5589
7159
6352

4969
4893

5000
4149

hWeTS
4912

Racks

RGN
RGN
Fy x
FLX

or
In
on
I

RInID
FLxHL

HIGID
Fi xHt

RIGID
FrxBu

RYIGID
Frcht

RGN
RGO
FILx
FL X

Roh
RGN
FrLx
Fi.x
RGO
RGO
FLx
FLX

oRr
In
an
in

(T3]
n
OR
n

0oRr

AW

on
R

Rinlb
Fooxtiy

frolo
F1. x84

RIAIL
Frabt

RIGID
FLFisLL

CONTINIED

AN



TABLE 7.2 SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS,

sk
HO

18¢
181
182
183
184
185
186
187
IQH
180
195
193y
192

@
193

19;!{}

BEARING  RAOL RPN

HUNRBER LOsD I

LBS 1000

NT=640600 5000 ]
RT=040300 5000 0
PT=640000 5000 0
RT+640600 S000 0
pPT=720600 5000 0
RT=72n300 5000 0
FT=T20000 5000 0
PT+T20600 5000 O
RT=T40600 5000 0
PT=740300 5000 0
ﬁT~740000 5000 0
T+T40600 5000 0
hT=B40600 5000 ]
pT=H%0300 5000 0

CHEARIMG OUTER RACES FOR CASE HO54192 TU 199 HAVE PART CRUCLFORM SUPPORTS,

1

1277
19

Q44
737
lols
737

1209
T78

1277
1128

prys
f6-

1018

207
1209
1067

1277
103n

Q44
139

1014
B4

1209
919

1277
1926
Y& i
1736

LOAD DISTRIBUTION IN THE BEARING IN POUNDS

2

1251
942
914
787

964
793

1102
840
1251
1133
4
H63

964
898

1102
1025
1291
1036

914
R4T7

964
853

1102
923

1251
1379

914
1201

3

1177
1021

829
870

807
B84
797
922

1177

11008
829
832
807
831
797
857

1177

1013
829
831
807
837

797
870

1177
623
829
455

4

1062
992

697
8139
569
437
344
793
1062
1039
697
745
569
677

344
514

1062
945
697
760

569
743

344
669

1062
379

607
200

ROLLER POSITION

5

919
775

533
61%

292
551

0
323
919
874
833
564

282
3V

0

1
919
719
533
5483
24z
495

0
212

919
520

533
301

6

7hA3
525

157
319

0
1148

0
0

763
673

357
341

41

743
576

357
340

117

y
0

763
652

357
395

7

609
303

189
1n

487
189

120

609
387

149
78

0
0
0

0
609
477
189
237

8

473
144

48
0

0
0
0
0

473

343
44

c o o

0
0

473
271

48
&8

9

aen
i1lo

0
0

=]

Do

Jey
267

0
0

Job
174

0
0

1o

301
145

0
0

0
0
0
0

301
243

S o

oo

301
149

0
0

11

279
166

(= =y -

279
239

279
149

(=4 [T ) (=2 =]

279
146

0
0

TOTAL OFLNS IN

O.Re

267
656

202
430

216
497
254
620
267
355
202
293

216
349

254
441

267
Jes

eoe
285

216
313

254
374

267
=498

202
=645

/U- IN OF
IsRe

267
310

202
295

216
355

254
Wh4

267
250
202
168

216
214
254
252

267
353

202
337

216
416
254
547
267
753

202
140

HRG»

a6l
1063

429
1275

781

170}

914
1936

361
874

479
974

781
1363

914
1540

361
918
429
110l
741
1512
Q14
1723
a6l
129
409
2033

AV RODY EPSLN
STFNS  (DFLN &
LH//LL IN OeRe ‘
13.8%0 1.33
elnGg 587
11655 + 85
34922 589
6.402 «50
24939 588
5470 «30
2e583 588
13.850 1.33
5721 486
11,655 85
5.112 486
6-4(‘02 '50
3668 486
5.470 «30
3.247 484
13.8%0 1,33
Se407 486
11,655 o f15
43561 486
© 64402 50
3¢307 486
5470 +30
2e9n2 485
13450 1,33
2073{# 1555
11.6%5 «85
24459 1675 .

LOAD EQV.
SHRG LOAD

FCTR
5411

3 n(—:'(’
3,78
2495

4,07
2,95

LBs

7159
5826
4969
LA82

5000
4870
4875
486%
7159
LE60H

4969
484646

5000
40348
%575
521%
7159
6003
4969
4032
5000
4797
5575
4917
7159
7578

4969
6640

RACES

RIGID
FrabL

RIGLID
FLxat

RIGID
FLxBL

RIGID
FLxsl

RIGID
Froxisl.

RIGID
Fi.xuL

RicID
FL Xt

RIGID
FLXHL

R1GIND
Fi.xtu

RIGID

Fuxsl '

R{GID
Fi xblL

RIGID
FLxBL

RIID
FLxbl

R1610
FrLatiL

CONTLHuED

cLe
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5L
Q

194

195

196

197

198

199

BEARING
HUHBER

PT=-H40000

PT+840600

HT=940600

PT=940300

$T=940000

0T+940600

RADL RPHM

LOAD
LBS

5000

5000

5000

5000

5000

5000

N
1000 1

0 101n
1700

0 1200
1733

0 1277
491

0 944
333

0 1018

31

0 1209
316

LOAD DISTRIBUTIUN IN THE BEARIMNG IN
ROLLER PUSITION

2

964

1178

1102
1206

1251
739

914
574
964
571

1102
59

3

807
438
797
474

1177
1299

829
1124

807
1143
797
1197

4
569
174
344
163

1062
1356

697
1182

569
1144

344
1167

5

282
225

0
24
919
768

533
596

282
574

0
409

6

0
213

0
0

763
337

357
140

22

7
0
0
0

0

609
176

189
0

0
n

SUMMARY OF RESULTS OBTAINED BY FINITE ELEMENT ANALYSIS

8

0
0

0
0

473
146

48
v

0
0

FOUNDS
9 10
0 0
0 0
0 0
n 0
364 3nl
161 .180
0 0
0 0
0 0
0 0
0 0
0 0

11

o o

TOTAL DFLNS IN

OeRe

216
-642

254
~H04

267
759

202
6H9

216
806
254
1019

MoIN oF

TeRe

216
H19
254
920

267
192

ane
141

216
167
2h4
213

HRG e

761
2399

914
2511
anl
1928
429
2151
741
25uU4

914
2R71

FOR STEEL RADIAL ROLLER HEARINGS,

AV
STFNS
LB//% IN

6e402
2ellf14

54470
le901

134850
24593

11.656%
2325

6.402
1.924

S5.470
1e742

noDY
DFLN
O.RI

1667
1532
1396
1493
1498

1515

EPSLN
&

50
+30
1.33
85
+50

«30

LOAD
SHRG
FCTR

4,07
6;84

4,84
65,93

5411
1.96

3.74
1.33
4,01
1.27

I8 |GI4
1426

FQV.
LQOAD
LHS

5000
6557
5575
6645

7159
6931

G969
5978

5000
6010

5575
5015

RACES

RIGID
FLXBL

RIGID
FLYBL
R1GID
FLxsbl

HinIn
FLxBL

RIGLID
FLovHl

RIGID
FLxobL

Lo
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APPENDIX 2,1 SOLUTION OF THE SIMULTANEOUS NON-LINEAR EQUATIONS,

DEVELOPED IN SECTION 2.,7.4, USING THE NEWTON-RAPHSON

METHCD

The solution is presented for equations developed in section
2.7.4, for>the deflection distribution at the different rolling element
positions. This will then lead to a determination of the load distribution.
The races are considered to be symmetrical on both sides of the radial load.
Variation in roller diameter can be taken into account; it is normally as-
sumed, therefore, that due to the assumption of symmetry, the diameters of
rollers on one side of the line of action of the radial load are the 'mirror
image' of the other side. The assumption of symmetry allows a reduction in
the number of equations to just over one half, and represent the cases of
bearings considered in the finite-element section. When there is no such
symmetry present, the method given here can still be used. The only dif-
ference is that the number of rolling element equilibrium equations reverts
to that associated with the full number of rolling elements.

Equations (2.59) and (2.57), which are to be solved, can be

rewritten in the following form

z/2+l
Fr t
- ’t. 6. oS . = ! (A2.1.1)
2Ky Z 3% %Y T %
j=1 , P '
(3 cos¥. - ¢, - 6.)t - 61.: - == = X. (A2.1.2)
o . J J ] ] Kl ]

where,

d 1is the radial deflection of the bearing,

o
T; = 0.5 vhen y, = 0° and 180°
Tj = 1.0 for any other value of ?j

The upper limit (z/2+l) in equation (A2.1.1) is for an even
number of rolling elements. If the number of rolling elements is odd, it
. Z+1
will be (

2
of rollers. For an odd number of rollers, similar changes are necessary.

)e All the other equations written here are for an even number

In this appendix, for simplicity, the subscripts 'i' are dropped
from all the aij values. Thus 61, 62, 63 .+« represent the deflections at
the inner race, and are not the total deflections at the corresponding
rolling element positions. ar is replaced by 50 in equation (A2.1.2).

As the rollers cannot take tension,

5, cos ‘,Vj - cj>/0 o (A2.1.3)
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if d_ Cosy. - C 0, 3. =20
© J * ] F (A2.1.3)

t t c
d =(y cosy.—-c.-p.) = —
an boj o 43 5705 Kl

which leads to 25 =0

The equations (A2.1.1) and (A2.1.2) are solved by using
the Newton-Raphson method, taking care to satisfy conditions (A2.1.3)
as follows:

1. A first assumption oflbo, 61’ 52 ese is made, according to

Stribeck's solution as given in section 2.7.1. From equation (2.34)

- Sf b d Fr
1 zZ '
where, Sf = 4,08 for line contact and 4.37 for point contact. Using the

above equation, and an expression of the form (2.28) for a single contact

area,
1 1
5 =25 =21} Foax (S XFy) /E
° ! X, Z K
1 1
5, (A2.1.4)

hence aj =5 COS\Pj ) =1,2,3 «un
2e Using these values of deflection, the following system of simul-

taneous linear equations is solved for the error vector Ej, where j=0,1,2 ..

(%1)

%o >¥%o %o X
o o &+ E E 4+ ee + m——— € =0
(o) Bbo o) 361 1 362 _2 aaz 41 Z/2+1
/2
oX DX X oX
., + ——]; 8 + 1 € + 1 & + eoa + ——]; g = 0
1 D o DO 1 20 2 Dy Z, +1
o 1 2 Z, +1 /2
/2
) 02X P} D 2%
Xo # 352 & . 3:2 81 * ;5(2 E:2 Toee 52 8z ba =0
o o 1 > ° 2,41 /2
oX DX X DX
Z 2+l Z/2+l e Z/2+1 Z/2+l
X, ot E & 1 Gt ou z . +1 =0
/2 o ° Bb1 Bb2 BbZ/2+l /2

(A2,1.5)
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The above equations can be written in a more compact form as

Z/2+1

BX z 1 .
X, o+ —Xe . 0, where K=0,1,2 ... /2" (A2.1.5)
k 26. ]
J
j=o
3. Solving these equétions for the error vector Sk, the new def-

lection vectltor can be calculated as

5] = a;’ " 83 ‘ where, j=0,1 «.. 2721 (A2.1.6)

where 6§-is the initial deflection vector assumed, or the deflection vector

in the previous iteration.

4. The above process is repeated until the root mean square error,
which is given by
Z/2+1
1
Ims. error = [——JL—— § g 2 1B (A2.1.7)
Z, +2 ]
/2 .
J=0

is sufficiently small in comparison with the deflections.

From equation (A2.1,1)

2

o] t-1
Y -t‘75 6j cosqa

J
¥X
— =0 (A2.1.8)
3%

o
From equation (A2.1.2) it follows,

—— = 0 when K #j and j #0
36,
J
t-1 t-1
= —t] ( Sy. — Cc. =d.) . .
[, cosyy e -5 077 + 8,7 ]
. Xy
and if, & cosy - cjéo, Yol 0 (taken)
J
when K = j
X
K t-1
i;g; =t (60 cosyy - ¢ = 6K) cosy,
= 0,if &o cos‘{’K - CKS 0 _ (A2.1.9)

As 'zero' cannot be used as a subscript in a computer program,

'1' is added to all the subscripts in the computer subroutine DTBN.
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APPENDIX 5.1 STIFFNESS MATRIX FOR A TYPICAL ELEMENT
The development of the stiffness matrix for a typical element
is given briefly in this Appendix; howéver, a more detailed analysis for
the formation of element stiffness matrices is given in refs. 38, 39.
Assuming a linear displacement field inside the element, the
strains in terms of corner displacements, as shown in fig. A5.l.1, can be

expressed by the following matrix equation:

i [~ ’ .W u,-
€, (yj—yk) 0 (yk—yi) 0 (yi-yj) ,O (_V;
u.
EY = %K' o (xk-xj) 0 (xi—xk) 0 (xj-xi) v; (A5.1.1a)
1
LYXY L (xk—xj)(yj—yk)(xi—xk)(yk—yi)(xj-xi)(yi—yj)J V;

where €, and Ey are the normal strains in x and y directions respectively,
.ny is the shear strain, and A is the area of the triangular element.
Dimensions and corner displacements of the element are as shown in fig.

Ab.1.1. Equation (A5.l.la) can be represented in symbolic form as

[e] = [8] [&] (A5.1.1b)
The stress—strain relationship can be represented as,

o

Ux
)=~ | = [p] (€] (A5.1.2)

where O% and O} are the normal stresses in X and y directions respectively,

and ’rxy is the shear stress. For isotropic materials in plane stress [D]

matrix is given by, - 1 7
1 = 0
E m
1
[Dl=- 1 {= 1 o (A5.1.3)
l-—2- m
o 0 0 (132
m
and in plane strain [D] matrix is given by,
(1-1/m) (1/m) 0
E
[p] = TR (1/m) (1-1/m) 0 (A5.;.4>
0 0 (1-2/m)/2

where, E and (l/ﬁ) are the Young's modulus and Poisson's ratio respectively.
The next step in the development of the stiffness of a typical

element is to replace the uniform stresses acting on the edges of the element

with stress resultants acting at the corners of the element. The corner

forces can be expressed in terms of the three components of stresses as,
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FUi (yj—yk) 0 (xk-xj)
Vi 0 (Xk_xﬁ)(yj_yk) —ogcd
Uj (yk—yi) 0 (xi-xk) Oy
Vj =~§ 0 (xi—xk)(yk—yi) ’rxy (A5.1.5a)
U, ( yi-yj ) 0 ( xj_xi) -
vl L 0 (xj—xi)(yi—yj)

where t is the thickness of the element. The element corner forces are
as showvn in fig. A5.l1.1 . Comparing with equations (A5.l.la) and
(A5.1.1b), equation (A5.l1.5a) can be rewritten in symbolic form as,

[r] = ta [B]F (0] (AS5.1.5b)

where [B]T is the transpose of matrix [B] and [F] is the element corner
force matrix. Substituting equation (A5.1.1b) into equation (A5.1.2)
lo] = [0] [B] [s] (A5.1.6)

The substitution of equation (A5.1.6) into equation (A5.1.5b) yields,

[r] = ta [8]% (0] (8] (o] (A5.1.7)
Equation (A5.1.7), which is an expression for corner forces in

terms of corner displacements, can be rewritten in the following symbolic

form,

' [r] = [x] (8] , (A5.1.8)

where [k] is the 6 x 6 stiffness matrix for the element and is given by
(k] = [2)% [p] (B] t. A (A5.1.9)

The element stress matrix and stiffness matrix given by equa~
tions (A5.1.6) and (A5.1.9) respectively are calculated by the subroutine
FEM which is taken from ref. 38. In this subroutine the origin of co-

- ordinates is shifted to the centroid of the elements.



Fig.A5.1.1 A typical element.
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Fig.A5.2.1 Tridiagonalised partitions of the overall stiffness

matrix.
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APPENDiX 5.2 SOLUTION OF THE SYSTEM OF SIMULTANEOUS

LINEAR EQUATIONS (5.1)

The partitioned form of the overall stiffness matrix, which corres-—
ponds to the physical division of the actual structure, can be seen in fig.
A5.2.1. Every matrix, except for the matrices in the first and last portion,
is connected (to only two other matrices (both in rows and columns). This
partitioning is known as 'tridiagonal'. Physically, this corresponds to the
fact that the partitiops are connected in series and the sub hatrices [Ci] and
[Ci]T represent the coupling effects between the two adjacent parts of the
structure.

Equation (5.1), with the overall stiffness matrix subdivided in a
tridiagonalised manner and the deflection and load matrices sub-divided accor-

dinly can be re-written as,

K, €, 0 - - 0 0 - - 0] 5, F,

T

c, K, ©, = - 00 - - 0 5, F,

T

0 C, Ky = - 00 - - 0 8, F,

- - - - - - - - - - - - (AS.Z.::I.)

0 0 0 - - K. C - - 0 5. | | F
RN 1 1 RN
T

o o 0o - - Ci i+1 - 0 6i+1 F:L+1

0 0 - - 0 00 - - K| 8 F,

Equation (A5.2.1) may be solved for the displacements [6] produced
by any given set of loads [F] by a recursion relationship as given in references

42, 38. To develop this, the first two matrix equations can be written as

follows:
) -Fl = 31.61 + cl 52 (A5.2.2)
T
F, = C¥’6l + K, 6, +C, 6, (A5.2.3)

In these and following equations the matrix notations [ ] have been dropped

for simplicity. The first equation gives

1 1 1 1 C. 6 (A5.2.4)
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and substituting this into the second yields:

T -1 T -1
F,=C KJF - Cl K] €8, +K, 8, +C, 0, (A5¢2.5)
This equation may be rearranged in the form
’ T ~1 T -1
F, - C] KW F) = [K2 - ¢ K] cl] 5, + C, 8y (A5.2.6)
Finally, by defining the new symbols
F gl : R )
F2 = F2 - C1 Kl _Fl A5.2.7
- T -1
K, =K, = C] Kl <, (A5.2.8)
Equation (A5.2.6) may be rewritten as
F, =K, b, +C, 5 (A5.2.9)

This equation is of the form of equation (A5.2.2). So, the displacements,

61 of the first partition have been eliminated. The third matrix equation

of equation (A5.2.1) can be written as

- T
F3 = C2 62 + K3 63 + C3 64 (A5.2.10)

In the same way, 6., can be eliminated from equatjons (A5.2.9) and (A5.2.10),

2
leading to an equation equivalent to equation (A5.2.9):

Fy = K3 53 + c3 5, (A5.2.11)
in which

— ) 1 .

Fy=Fy-C, K, F2 (A5.2.12)

— iy L )

Ky = Ky = C, K, C, (A5.2.13)

The general recursion equation thus is

Foo= K 6, +C, 8¢, 1) (A5.2.14)
in which

— T -1 ’

F, =F — . . . e -

1= 5 7 Caen Kaen Fa-n (45.2.15)
o -1

K =K = Ci1y Krae1) Ci-1) (A5.2.16)
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Continuing this process of substitution and elimination leads to

an equatiop containing displacements of the last partition 'N',

Py = Ky Oy
that may be solved for 6N by direct inversion. Displacements of the other
partitions can then be-found in the reverse sequence by back-substitution of
the known values of deflectlon into equation of the form (A5.2.4). In the
subroutine MSM, which forms the modified stiffness matrices ?ﬁ, the following
intermediate matrices are storeglfor use in other subroutines:
(a) The matrices Ci kifi , Wwhich are the product of two individual
matrices Ci and Rzl of each partition, are stored on tape no. 2 in order of
partition number. They are used later in subroutine MFM, which forms the
modified force matrices f& from equation‘(A5.2f15).
(b? The matrices E?i and Ci are stored on tape no. 2 in the reverse
order of partition numper, so that they can be used readily in sybroutine
SOLVE, which is used for the back-substitution process, described earlier, to
obtain the deflections. ‘
(c) The matrices Ki and Ci are stored in fape no. 3 in order of par-
tition number, They are used in subroutine FORCE, which is used to calculate
the nodal pdnt forces from the solved displacements.

As the outer and inner races are solved as separate problems in
the finite-element part of the program, the intermediate matricés for both of
them are stored in the tapes in the proper order. A;l the intermediate matrices
stated in (a), (b) and (c) are also stored on magnetic tape no. 8 so that they
can be used by the smaller version of the program to solve bearing problems
having the same outer and inner races.

A physical explanation of the recursion equation solution described

in this appendix is given in reference 42.
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APPENDIX 5.3 EQUIVALENT RADIAL LOAD OF A RADIAL ROLLING BEARING

FOR AN ARBITRARY ROLLING ELEMENT LOAD DISTRIBUTION

When the load distribution in the bearing has been found by
any method described in this thesis, or some other method, the equivalent
radial load acting on the bearing can be found by the following method. It
is assumed that the inner ring rotates with respect to the radial load and
that the outer ring is fixed. A more generalised derivation may be found in
references 26, 27, 44, 12.

Fig. 5.2a shows any arbitrary rolling element load distribution
of a radial rolling bearing. . The equilibrium equation in the direction of

radial load is

+Y
t2 5
%.=ZP.&BW:j~ —d x { x5 cosydy
j 7D
o x{ .
o ?
VA ¢ {2 Zpref -PWQZ
= A p =
2mn j- (¥) cosyay 2m g q{y) cosydy
E ~ Y
=2ZP x M (A5.3.1)
ref r
where
P, = load on the rolling element at position j.

P%Y)zpj as a function of V.
Pref = any suitable reference load (Pl of the outer race is taken
as the reference load in the computer program EQLOD).
Q) = ByI/P___
AP
M o= q{y) cosydy ' (A5.3.2)
~Ye1
qfl and %?2 are the extent of loaded zone on the two sides of
Fr as shown in fig. 5.2a.
Mr i1s the same for inner or outer race if Pref is the same.
According to Lundberg and Palmgren (27) the equivalent rolling element load

for the inner race is,

L

ez 5 1/p |
P, = [?ﬁj PY(Y) dy] (A5.3.3)

“Wll
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With line contact against both races p = 4. With point contact

against both races p = 3. The above equation can be written as,

Py = Prop ¥y (A5.3.4)
where
*Wio
1 1/p
M o= (5 & ) ay] (A5.3.5)
Sy
{1
Taking Pref = Pl = Pmax’ for rigid races the following equations
may be derived in the same way as is done in chapter 2 (equation 2.49).
Ve
1 1 t
M =IJLf€) =S5 g [1—26 (1-cos¥l]” cosydy (A5.3.6)
~%
+Y
4 1/p -
- i L pt
M= 3 (€) <5 g {1 < (1-cosy) P~ ay] (A5.3.7)
~f

where, t = 1.5 for point contact and = 1.1 for line contact.
The equivalent rolling element load for the outer race according

to Lundberg and Palmgren (27) is

1 +‘WQ2 W 1/w
P, = [5 3 PY (Y) ay] (A5.3.8)
R (3!
again introducing q(¥), .
P = Pref x M, | (A5.3.9)
where +V 5 .
M, = %fg & ) aptV (A5.3.10)
—Wl

With line contact against both the races, w = 9/2. With point
contact against poth races w = 10/3.

For rigid races

1 t a1
M, = J,(€) = —-S §1,- 5= (1~cosy)} T ay] /v (A5.3.11)
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From equations (A5.3.1), (A5.3.4) and (A5.3.9) the equivalent

rolling element loads for inner and outer races are,

1
P. =P M. = Fr ble I\1 (A5,.3.12)
ci ref 1 _— —
Z M
X
Fr M 5
Pco = pref M2 = X ﬁ;- (A5.3,13)

If Pri and Pro are the radial loads for the respective races when

€ = 0.5, giving the same equivalent rolling element load as Fr, then

Pri Jl(O.S)
Pci = X 3 0.5 (A5.3.14)
r
Pro J2(O.S)
Pco ==z x Jr(O.S) (A5.3.15)
From equations (A5.3.12) to (A5.3.15)
Pri Jr(O.S) Ml
F = 3.(0.5) X (A5.3.16)
r 1 r
Pro Jr(O.S) M2
F = 7.(0.5) X (A5,.3.17)
r 2 r

According to Lundberg and Palmgren (26) the probability S, that a
race will endure for L mr (million revolutions) for a load F is given by

log 5 = k F' LS (A5.3.18)

where k is a proportiénality factor and e = w/p.

If Ci is the basic dynamic capacity for the inner race (i.e. for
Li = 1 and Si = 0.9) and Co is the basic dynamic capacity of the outer race
(i.e. for Lo = 1 and SO = 0.9) then equation (A5.3.18) may be used to derive

the following equations to find the lives of the respective races,

1 Pri wo_e 1

log e (T) Ly log s (A5.3.19)
i i
1 Pro w_e 1

log g;' = ('?o' ) L log 5.5 _ (A5.3.20)

~ If P_and C are the equivalent radial load and basic dyanamic
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capacity of the bearing, then

P
1 r.w
log 3= ('C—)

L® 1og%—§ (A5.3.21)
' From equations (A5.3.19) to (AS5.3.21), for L, = LO = L, and
noting that the probability that tbe complete bearing will endure is the
product of the probabilities that each race will endure (i.e. S = Si b4 SO),
it is found that
Pr w Pri w Pro w
)" = )" + (=)

C T C,
i o

(A5.3.22)

Substituting equations (A5.3.16) and (A5.3.17) into equation
(A5.3.22), the ratio of equivalent radial load to radial load of the bearing
is obtained; )

J (0.5) M J (0.5) M 1/w
r r

x ==& x =2 ] (a5.3.23)

c
=[(c. X 3J3.(0.5) M c *3.10.5) M
i 1 r o) 2 r

wl ]
H

2

Further, from equation (A5.3.18) the following relation may be
found( see reference 26).

i L (A5.3.24)
W A\
i

FEIH

C C
o)

From reference 27 for radial roller bearing,

i 1-y 143/108

c_ = .04 [1+Y ]

O .-

where Y= %
. . . . d 0.3 1

For the bearngs under investigation, =53 %.7°- and hence
S 143/108

o

The values of Jr(Q.S), Jl(O.S) and J2(O.5) are 0.2453, 0.6495 and
0.6744 respectively, according to references 27, 12.

The computer program for calculating the equivalent radial load
for radial roller bearing is given in subroutine EQLOD. This subroutine con-
siders the symmetrical roller load distribution on both sides of the line of
action of the radial load, as in the cases considered by the finite element
analysis, but could be easily modified to consider unsymmetrical roller load

distribution. The subroutine used for numerical integration, using Simpson's



408

Rule (see, for example reference 45), in the above program is called
SIMRUL. _ | .

The values of Jr(O.S), Jl(O.S) and J2(O.5) taken in subroutine
EQLOD are 0.24568, 0.65161 and 0.67543 respectively for steel bearing cases
and 0.2427, 0.6473 and 0.6714 respectively for Araldite bearing cases consi-
dered. It may be noted that these are the mean values for the rigid race
cases having € = 0.5. These values are slightly different from the values men-
tioned in the previous paragraphs. This is mainly on accountaf the fact that
the values for the constants A and N, in the equation 6 = APN for a single
roller and platen, taken in references 27, 12 armslightly different from those
in the present investigation. This may alsoc be in a small measure due to the
slight rounding‘off of the‘roller load distribution data supplied to the program
TABLE (of which EQLOD is a subroutine). The error due to the rounding-off of
roller load distribuhion can be avoided by using the subroutine EQLOD in the

program FINELM directly.
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APPENDIX 6.1 CALCULATION OF THE SHAPE OF OUTER RACE RELIEF

If a ring is subjected to loads of equal magnitude Q and equally
spaced at an angle AY as shown in the figure at the bottom of table A6.l.1,
the radial deflection at an angle & between any two loads is, according to

reference (12) (page 191), given by

3 -
Ug = : cosf4 m——— . — ]
8 L T - ‘
2EI 4sin2G%AW) 251n(2A?)} 2sin(3AY) AY
3 (A6.1.1)
= C' % -C&
T @ T EI

where, I is the moment of inertia of the cross section of the ring, R is the
ring radius to the neutral axis, and E is the Young's modulus of the ring
material. ) |

) Depth of metal removed at an angleéB(which is equal to the relief
in the outer race at this angle) during machining the déflected outer race
ring to a circular form just touching the valleys (which are at 8 = 0) of it,

is given by

R’
. _ - = [ Py =0
relief = Ug ~ Uy (cy Co) ET - (A6.1.2)
The relief is maximum af G=-§§, where,
3
. . . QR
- _ "I ol I Y A
rellefég = amplitude of relief = (?_f qj) BT (A6.1.3)
2 2
From (A6.1.2) and (A6.1.3)
él - C!
relief8 = 0 0 x amplitude of relief
|__C| .
“w%
2
= Cg x amplitude of relief (A6.1.4)

Equation (A6.1.4) suggests that it is not necessary to know the
deflecting force Q. It is only necessary to deflect the ring so that the
radial distance between peak to valley is equal to the desired amplitude of
relief. Table A6.1.1 gives the values of the constant Cq for relief in the
outer race. It is also interesting to note that the relieved shape is inde-
pendent of R, I and E. -

It was found that the bi-lobed relief shape is close to the curve
obtained by the equation, |

Cqg = 4 (1 - cos 20) (A6.1.5)
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TableA6.1.1 Values of the constant CG for relief in the outer

race.

(a) Tri-lobed relief.

( Relief at an angle 6 = Cq x Amplitude of relief.)

(b) Bi-lobed relief.

Ay
Y
¢ Ap=120° Y Ap=180
. | Corresponding » | Corresponding
8 ro}lgr Ce S ro}lgr CG
p051glon p031E}ons
# 4

0 180 0.000 0 90 0.000

6 54 0.02064 18 72 & 108 0.084
12 72 0.0811 36 54- & 126 0.312
18 162 0.1774 54 36 & 144 0.616
24 36 0.3025 72 18 & 162 0.882
30 90 0.448 90 0 & 180 1.000
36 144 0.601
42 18 0.750
48 108 0.877
.54 126 0.966
60 0 1.000
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APPENDIX 7.1 THICKNESS OF THE OUTER RACE .SHEAR AREA ~ EFFECTIVE

WIDTH OF THE SIDE WALLS )

The housing and the outer race as a whole is termed here the
'‘outer race', and is connected to the side walls as shown in fig. A7.la. Each
side wall acts as the flange of a beam, and this beam may be approx1mated in
two different ways. If the outer race track diameter (D ) is comparatlvely
large compared with the length of the housing (2L), the four side walls can be
considered, with ad301n1ng parts of the housing, as four beams connected to-
gether at the ends. The bending moment diagram will be approximately cosin-
oso%dal as shoﬁn in fig. A7.le due to the action of the radial load on the
~bearing and the adjoining beams, which introduee bending moments at the supp-
orts. Apart from this interaction of the bending moment diagrams the beams
are considered separately as shown in fig. A7.15, with some mean height of
the web.

When the outer race track diameter (Do) is small compared with the
housing (2L), the beam may be considered as a channel with the housing as the web
and the two opposite walls as the two flanges as shown in fig. A7.la. In tnis
case the effect of the hole is neglected on account of its size, and also because
its centre ison the nautral axis of the beam.

Both models were tried and it was found that they give the same expres
sion for the effective width of the flange. Only the procedure for the first
model, which appears to be a better approximation, is given here. It may be
noted that some of the symbols used here represent different variables in the
main text of the thesis. The method followed here is based on the case consid—
ered in reference 46 (pages 262 - 267). It is assumed here that?

(a) the width of the flange is infinitely large and its thickness very
small in comparison with the depth of the beamn,

(b) the forces are transmitted to the flange in its mid-plane so that
the stress distribution in the flange presents a two-dimensional problen.

The stress function in the flange is taken as a series of the form,

oo

qb:E fy (y) cos == (A7.1.1)

n=1

where fn(y) are functions of y. This stress function must satisfy the bi-
harmonic equation,
2P, X
ax? ax by 5 N

=0 (A7.1.2)
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Substituting equation (A7.1.1) in (A7.1.2) the following expression is found

-niy -y niy
fn(y)=Ane L 4B (1+—;l)e L +C e L +D (l+—;z)e L (A7.1.3)

The relations between the stresses and stress function are

2 2 2
o, =N o, =5“2{’,T’ aygi (A7.1.4)
Dy Dx :
As the flange is very wide, the stress at infinite value of y must vanish.

From this condition and from equations (A7.1.3) and (A7.1.4), Cn = Dn = 0.
Equation (A7.1.1) then becomes

-nny - -nny Nn7x
b = E (A e T +B_(1 y)e T ] cos\ L (A7.1.5)

The true stress distribution is that which makes the strain
energy of the flange, together with that of the web, a minimum. From this
condition An and Bn are to ke determined.

The strain energy of the flange is given by

2L
__h 2 2 2 , iv..2 7 4
Vl = > g j [O'X + O’y o O’XG’Y -:-2(1-%'5)’Z’XY ] dx dy
o 0
where, i-is the Poisson's ratio.

Using equations (A7.1.4) and (A7.1.5) this equation becomes,

oo 2 2
Vl = h é L2 (—E' + 5 + Es‘ ) (A7.1.6)

n=1

The symmetrical bending moment distrikution of the beam can be
represented by the generalised series '
270

' Tix
1 =¥ ut —_— —_— cee ole
M MO + rl cos T + M2 cos T + (A7.1.7)

If N is the total force in the flange and e the distance from the
centroid of the web to the mid-plane of the flange, and

M!

Moment taken by the web
MH :

Moment taken by the flange
then,
M" = Ne
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oo o2 =<
N‘th’ dy—hj‘?—z—dy—hl-a—q5
- x B 2 P
o o ay y (o4
o oo
_;- nn nnx nmnx
= —-h —L- -—L—— e Xn COSs L (A7.1.8)
n=1 n=1
vhere X =1l A (A7.1.9)
n L n oo
nmnx
M' =M~ Ne=M+ e X cos —
i ; n L
n=1
O
=M + E (M + e X ) cos nix (A7.1.10)
[e} n n L
n=1
The strain energe of the web is,
2L 2L
2 2
N"dx M'Tdx
V2 = S 'Z—A-E— + S SET (A7.1.11)
le) o)

where A and I are the crocss—sectional area and moment of inertia about the
horizontal axis through the centroid of the web.
Substituting equations (A7.1.8) and (A7.1.10) into equation

(A7.1.11), the resulting expression for the strain energy of the web is,

(e =] 2 oo
L E oMb L E 2
V2 = SAE Xn + i + -2—E—I- (I“In + eXn) (A7.1.12)
n=1 n=1

Using notation X from equation (A7.1.9) and Y as given below,

Y =h—B (A7.1.13)
n

equation (A7.1.6) for strain energy of the flange becomes

1Z°° 2ooxy X
v, =% nm (=2 + n 2 (A7.1.14)

2G 2G

t=.

The total strain energy of the beam is gjven by

V=V1+V2
[ a] o
= X [Y +(1+—) XY +(l+—)X2] +— X2
hE ZAE n
n=1 n=1

Z
+ I 5T (M +ex) (A7.1.15)
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From the conditions of minimum. strain energy given by
Bl 3

v _ 2

5 = 35x =9
n n

the expression for Xn can be found from equation (A7.1.15) as

'

=

1

: I nml 3m2+2m-1
g v, 2
Ae hLe 4m

R (A7.1.16)
n_ e :

Considering the particular bending moment diagram in fig. A7.le
\

which is given by

X
M = M1 cos L

the effective width can be found as follows:

Moment carried by the flange,

M" = eN = -e X, cos E% " (from equation (A7.1.8))
- i > (A7.1.17)
I 21T 3m”+2m-1 '
1+ 5+ 5 . 5
Ae he™L 4m

The effective width of the flange,ﬂq is that width such that the uniform
stress distribution (given by elementary theory of bending) over the flange
cross—section shown by the shaded area‘in fig. A7.1b gives the same bending
moment M" given by equation (A7.1.17). If(); is the stress at the centroid
of the web and.O; the stress at the mid-plane of the flange, then from

elementary theory of bending,
! l

Mle
Oé =0, *71
From equilibriumw

Ajicré + CE A=0
—_ 1
,&flOé e =M

Thus, M' =
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and o ARG
o T M T AL
/(heoé+ = (1+ i )O’e
1
= T T (A7.l.}8)
1+ > + 5
Ae Ahe
From equations (A7.1.17) and (A7.1.18)
1 _ 1
I 2nI 3m2+2m—l I I
1+ 5 + > 5 14— + 5
Ae he“L 4m Ae Ahe
From which, )
2
L= —20 (A7.1.19)

71'.(3m2 + 2m-1)

This relation is the same for the case given in reference 46 and
also found to be the same for the case of fig. A7.1la. For steel, m = —l—%,
and equation (A7.1.19) becomes '

L=0.181 1L

In the present case ths span of the beam is 10 in. (i.e. L = 5 in.),
which makes,

K=0.9 in.

Hence the thickness of the elements in the outer race shear area,

A + thickness of bearing plate
0.9 + 0.45
= 1.35
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LISTING OF COMPUTER PROGRAMS

PROGRAM RRBC( INPUTsQUTPUT + TAPES=INPUT » TAPE6=0UTPUT)

L O A B S R I I N I R R R I I S TR S A S

LOAD DISTRIBUTION IN A RADIAL ROLLER BEARING ASSUMING RIGID RACES.
FOR BALL BEARING THE SAME PROGRAM CAN BE USED WITH A LITTLE
MODIFICATIOMN IN THE LOAD-DEFLECTION RELATIONSHIP OF A SINGLE
ROLLING ELEMENT LOADED BETWEEN TWO PLATENS,

EE T I R R RIS S AR S 3

DIMENSION COMPR(50425)1P(S50925)DELLTA(S0425) «CLA(25) 2 ALOAD(S0) »
1BLOAD(S50) sCLOAD(50) +STIF(S0) +ASTF(S0) s ACOMP(25) +AP(25)
10 FORMAT(4F8e¢5913)
11 FORMAT(1H1+38H LOAD DISTRIBUTION OF A ROLLER BEARINGolOXo
122HUS ING PALLMGREN FORMULA)
12 FOCRMAT(///71X+16HOUTER RACE DlAc='F7e497H INCHES +30X0 1SHINNER RACE
IDIA=F74497H INCHES/1X+12HROLLER DIAe=9F7e497H INCHES»34Xs 17HLENGT
Z2H OF RCOLLER=¢F744+7H INCHES/1X+14HNO OF ROLLERS=112/1X+37HMODULUS
30F ELLASTICITY OF ROLLER MATe=eF 1041 44H PS1+9Xs35HMODULUS OF ELLASTI
4CITY OF RACE MAT.=9F1Ca194H PSI/1Xv29HPOISSON RATIO OF ROLLER MATe
ZIF5e24 26X+ 27HPOTISSON . RATIO OF RACE MATe=tFS5e2)
26 FORMAT(//1Xs 19HNEGAT IVE CLEARANCE=+FBe517H INCHES s 10X +24HDL.Se NEGA
1TIVE CLEARANCE=1F8¢5)
55 "FORMAT (//1X+12HNO CLEARANCE sFBeSe7H INCHESs 10X 14HDLS CLEARANCE=
1 FBeS)
76 FORMAT(//1Xs19HPOSITIVE CLEARANCE=YFB¢5s7H INCHES » 1 0Xs 24HDLSe POSE
1TIVE CLEARANCE=+«FB8¢5)
141 FORMAT(/1 Xy |OHEXT s LOAD=%F60+3H LB*SX+14HAVe STIFFNESS=4F6+0>»
18H LB/THOU«3Xs 16HINSTe STIFFNESS=+F6¢04¢8H LB/THOU 91X+ 22HDEFLECT10ON
2 OF BEARING=sF4,24+5H THOU)
142 FORMAT(1Xe]0HDLLS, LOAC=1FB+526X116HDLS PK RLR LOAD=+F8BeS5
17X+ 14HDLS BRG STFNS=3F663911X+20HDLS DFLN OF BEARING=+F7.5)
143 FORMAT(1X+18HRDL LD SHRNG FCTR=F542+1X+18HDLS PK RLR RDL LD=»
1IFBe5+5X+8HEPSILON=1FSe29 18X+ 13HBEARING LIFE=sF94213H MR)
144 FORMAT(1X+21HCOMPRs CF EACH ROLLERs2X+(13(F7¢2)))
145 FORMAT(1Xe19HLOAD ON EACH RCLLER4Xs(13(F740)))
161 FORMAT(1Xs21HLOAD SHEARING FACTOR=+FS542129X s8HEPSILON=tF5421 18X
113HBEARING LLIFE=+F9e2¢3H MR)
DLSe LOAD= EXTe LLOAD /(LH*%2XE) l.= DIA OF ROLLER
DLSCLEARANCE= RADe CLEARANCE / L DLLSe DEFLECTNe.= DEFLECTN/L
DLS. PEAK RLRe LOAD= P(1) ~/ LOAD+ DLS STIFFNESS=STIFFNESS/(E%*L)
RDL LDe SHRNG FCTR= RpL COMP, OF LOAD ON PEAK RLR/ZLOAD*NO OF RLR
100 READ(S+10)DBsD1 DAL oN
DB=0OUTER RACE DIAMETER+* DI=INNER RACE DIAMETERY D=ROLLER DIAMETER?*
AL=LENGTH OF ROLLER?* N=NUMBER OF ROLLING ELEMENTS.
£1=30000000,0
E2=30000000,0
AM1=10,/3,
AMZ2=10e4/3 %
VRITE(6+11)
WRITE(G64+12)DBeDI+DeALINIEL+E2+AM1 sAM2
A=2+4%3e¢14159/FLOAT(N)
PALMGREN FORMULA
CONST=2,%0400031/ (242055 %0, 9% ALE¥ 008X 25 64%%148)
DELTA=CONST*P#%0,9
N1=N/2
PLAY=(DB-DI1)/2e~-D
RL=D
APLA=PLAY/RL
IF(NeNEL2#N1)GO TO 53
N2=N/4
IF (N.EQeN2¥4)GO TO 51

J=(N+2) /4
GO TO 101



51 J=N/4+1 418
GO TO 10} '

53 N3=(N+1)/4
IF (NeNE+4%N3)GO TO 54
J=(N+1)Y/74
GO TO 101

54 J=(N+3)/4

101 IDB=DB¥*10¢#%5
IDI=DI*10e%%5
ID=D¥104%%#5
IF((IDB=-IDI}/2-1D)20+¢50470
NEGATIVE CLEARAMCE

20 WRITE(6126)PLAYsAPLA
DELO=D-(DB-DI)/2e
IF(NeNE«2%¥N1)GO TO 103
NO=N/2+1
GO TO 102

103 NO=(N+1)/2

102 DO 45 1=144041
DEL=FLOAT(1%5),/100000,

P1=0,0 .
DO 40 M=1+NOs1
K=M-1

IF(DELO+DEL#COS(FLOAT(K)#A))41e41e42
41 COMPR(]+M)=0,0 '
GO TO 43
42 COMPR(1+M)=DELO+DEL*COS(FLOAT(K)*A)
43 P(1+M)=(COMPRII SM)/CONST)I*3#(1e/7069)
Pl=PI+2+%P{1+M)H#COS{FLOAT(K)*A)
40 CONTINUE
IF(NeNE2¥#N1)GO TO S6
ALOAD(I)—PI—(P(101)+P(x-NO)*cOS(FLOAT(NO—])*A))
GO To 57
56 ALOAD(1)=PI=~P(Is1)

57 STIF(1)=ALOAD( 1)/ (DEL*%1000,)
IF(l1eGE«3)GO TO 58
IF(]1sEQe2)GO TO 71
GO TO 45

71 ASTF(]-1)=ALOAD(I1)%10.

GO TO 4S5
58 ASTF(1-1)=(ALOAD(I)—ALOAD(I~2))%*10.
45 CONTINUE
EXLD=500,
IF(ALOAD (1) «LTLEXLDYGO TO 130
EXLD=1000,
IF(ALOAD(1)«LTLEXLDIGO TO 130
EXLD=2000.

130 DO 150 1=1+3941
IF(ALOAD (1) 4LTLEXLLD)IGO TO 150
IF(ALOAD(I=1)eGTEXLD) GO TO 150
CO=(EXLD-ALOAD(1-1))/(ALOAD(]1)—ALOAD(I~1))
DO 140 M=1«NOs 1
ACOMP (M) =(COMPR( -1 *M)+CO%¥(COMPR( ] +M) —=COMPR(I=1¢M)))%1000,
AP{M)I=P(I~1aM)4+CO¥(P(IsM}I—P(I=1eM))

140 CONTINUE
AVSTF=STIF(I=-1)4+CO*(STIF(I)-STIF(]~-1))
STF=ASTF(1-1)+CO%x(ASTF(1)~ASTF(I~1))
DEFL=ACOMP(1)-DELO#*1000,
DLD=EXLD/(RL¥¥2%E1)

DPRLD=AP(1)/EXLD
DBSTF=STF/(E1%#RL)%1000,
DBDFL=DEFL/(RL%*10005,)
PLD=(—-PLAY/CONST)##(]14/0:9)
RLSF=(AP(1)-PLD)/EXLD*FLOAT(N)
DPRL=(AP{1)-PLD)I/EXLD



150

151

152

50

60

&6

67
65

160

165

DPLD=PLD/EXLD

DELR=DEFL /1000,

CALL BLIFE (PLAYSDELRIDI DAL EXLDIALIFE'EPSIN)
WRITE(64141)EXLDAVSTF +sSTF«DEFL
WRITE(64142)CLDDPRLD DBSTF +DBDFL
WRITE(6+143)RLSF+DPRLYEPSYALIFE
WRITE(61144) (ACOMP (M) +M=1NO+1)
WRITE(6+145) (AP (i) «M=19NOs 1)
CONTINUE

IF(EXLDsLLTe1000,)G0 TO 1L1
IF(EXLDsLT«4000,4) GO TO 152
EXLD=EXLD+2000,
IF(EXLDeLEs10000,) GO TO 130

GO TO 95

EXLD=1000,

GO TO 130

EXLD=EXLD+1000,

GO TO 130

NO CLEARANCE
WRITE(6155)PLAYsAPLA

DO 65 I=1+4041
DELTA(}+1)=FLLOAT(1%5),/100000,
PUIe1)=(DELTA(I*1)/CONST)*%(1+7049)
BLOAD(I)=P(Is1)

DO 60 M=2sJ41
DELTA(TaM)=DELTA(Is1)%¥COS(FLOAT(M=1)%A)
PlI'M)=(DELTA(IM)/CONSTI*%(]1+7049)
B=M-1
BLOAD(1)=BLOAD(I)4+2#P (] +M)¥COS(B*A)
CONT INUE ,
STIF(1)=BLOAD(I)/(DELTA(I+1)%1000,)
IF(1eGE+3)GO TO &7

IF(1eEQs2) GO TO 66

GO TO 65

ASTF(1~1)=BLOAD(]1)¥10

GO TO 65
ASTF(1-1)=(BLOAD(])-BLOAD(1-2))*10.
CONTINUE

EXLD=500,

IF(BLOAD( 1) «LTEXLLD)GO TO 160
EXLD=1000,

IF(BLOAD(1)«LTEXLD)IGO TO 160
EXLD=20G0,

DO 170 1=1+39s1

IF(BLOAD(1)oLTSEXLDIGO TO 170
IF(BLOAD(I-1)«GTEXLD)IGO TO 170
CO=(EXLD-BLOAD(I-1))/(BLOAD(I)-BLOAD(I-1))
DO 165 M=1+¢Js1

ACOMP (M) =(DELTA(]~1+M)+CO*(DELTA(TI +M)~-DELTA(I=1+M)))%1000,

AP (M)=P([=1+M)+CO*¥(P(I«M)=P(I—-1sM))
CONT INUE )
AVSTF=STIF(I=-1)4+CO¥(STIF(1)1=STIF(1-1))
STF=ASTF(I~1)+CO®#(ASTF(I)=ASTF(1-1))
DEFL.=ACOMP( 1)

DLD=EXLD/ (RL¥#23#E1 )

DPRLD=ARP( 1} /7EXLD
DBSTF=STF/(E1#RL) %1000,
DBOFL=DEFL/(RL%#10004)
RLSF=AP (1) /7EXLD*FLOAT(N)
DELR=DEFL/1000,

CALL BLIFE (PLAYWDELR*DI DAL YEXLDYALIFEYEPSIN)
WRITE(6+141)YEXLDAVSTF ¢STFDEFL
VIRITE(6+142)DLD+DPRLD'DBSTF +DBDFL
WRITE(6+161)RLSF«EPSALIFE
WRITE(&1144) (ACOMP{M)YsM=19J91)

419



170

183

182

70

73

74
75

80

83

84
S0

171

175

180

WRITE(64145)Y(AP (MY M=t aJel)

CONTINVUE

IF(EXL.D+L.T+100043) GO TO 183
IF(EXLD.LT+4000,) GO TO 182
EXLD=EXL.D+2000.

IF(EXLDsLE«10000,) GO TO 160

GO TO 95

EXLD=1000.

GO TO 160

EXLD=EXLD+1000.

GO TO 160

POSITIVE CLEARANCE
WRITE(6+76)1PLAYAPLA

DO 90 i=1+4041
DELTA(I+1)=FLOAT(]*%5),100000,
PlIa1)=(DELTAC(I+1)/CONSTI*%(1+/0e9)
CLOAD(1)=P(1+1)

DO 80 M=24+J91
CLA(M)=((DB~D1)/2+~D)%*{1e~COS(FLOAT(M=1)%A))
C=M-1

IF(CLA(M)~DELTA(T ¢1)%COS(CXA))IT3sT74974
DELTA(TI +M)=DELTA(I1)%COS(FLOAT(M=1)1%A)~CLA(M)
GO TO 75

DELTA(I +M)=0,0
PlI«M)=(DELTA(IsM)/CONSTI®X¥(147069)
CLOAD(I)=CLOAD(1)42#P {1 sM)*¥COS(C*A)
CONTINUE
STIF(1)=CLOAD(I)/(DELTA(I+1)%1000)
IF(1eGE«3)GO TO 84

IF(1eEQe2)GO TO 83

GO TO 90

ASTF(1-1)=CLOAD(1)%10.

GO TO 90
ASTF(1-1)=(CLOAD(I)—CLOAD(I-2))%10.
CONTINUE

EXLD=500,

IF(CLOAD( 1)L T+EXLD)IGO TO 171
EXLD=1000,

IF(CLOAD (1)L T+EXLD) GO TO 171
EXLD=2000.

DO 180 1=1439s1
IF(CLOAD( 1)L T<EXLDIGO TO 180
IF(CLOAD(I~1)eGTLEXLD)IGO TO 180
CO=(EXLD~CLOAD(1-1))/{CLOAD(1)~CLOAD(I~1}))
DO 175 M=14J01

ACOMP{M)=(DELTA(]-1M)+CO*(DELTACI +M)~DELTA(I=-1+M)))*1000,

AP (MI=P({1=~1+M)+CO¥(P(] eM)=P(]~1+M))
CONTINUE
AVSTF=STIF(I=1)4CO*(STIF(1)~-STIF(I-1))
STF=ASTF(I=-1)4+CO%x (ASTF(I)=ASTF(I-1))
DEFL=ACONP(1)

DLD=EXLD/(RL¥*¥2%E1)

DPRLD=AP (1) /EXLD
DBSTF=STF/(E1%RL)Y*1000.
DBDFL=DEFL/(RL%1000.)
RLSF=AP (1) /7EXLD%*FLOAT(N)
DELR=DEFL./1000,+PLAY

CALL BLIFE (PLAY+DELRDI DAL +EXLD AL IFE'EPSIN)
WRITE(64141 ) EXLD+AVSTFSTF«DEFL
WRITE(6+142)DL.D+DPRLDDBSTF 1DBDFL
WRITE(641161 IKLSF.EFS+ALIFE
WRITE(64144) (ACOMP(M)YsM=14Js1)
WRITE(G6¢145) (AP (MY eMa1eJe])

CONTINUE

L20
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192

95

L21

IF(EXLDeLT41000,)y GO TO 191
IF(EXLD«LT.40004) GO TO 192
EXLD=EXLD+2000.
IF(EXLD.LLEs10000,) GO TO 171
GO TO 95

EXL.D=1000,

GO To 171

EXLD=EXLD+1000

GO TO 171

GO TO 100

END

SUBROUTINE BLIFE(PLAY+DELR'DIsDsAL'EXLDIALIFE+EPSN)
¥ O OR N ¥ F R O % X % ¥ K X ¥ F K X K X X R F E K K X K ¥ X X ¥ ¥

SUBROUTINE TO CALCULATE BEARING LIFE ACCORDING TO THE METHOD GIVEN
BY Je He RUMBARGERs (1961)e REF.11.

¥ o K O ¥ X ¥ % ¥ ¥ O X K N K X % ¥ ¥ K F X R X KX
DIMENSION EPSL(14)+R(10)+FC(14+10)*AFC(14) _
DATA(EPSL (1)11=1414)/0¢11042+0¢31064490:5104610.730e890s9316021e251
11.67'205’500/’(R(J)!J:‘-l!10)/0.0110.039000690.0990.1090015000189
20420+04261Ce20/+F/495004/ s ((FClTeJ)21=1914)9J=1110)/70405910.077*
30,084¢0409140409550e097104097+0.09730a094406090400071504¢052+0s033
40 ,4,015430,C75904097+10,10790,115+041209012310e124+04123404120¢06114
50400110.066104042+10401990,088404111904126106133+0:139104148310e144+
60614210413910413290410410,076+0404940402310095104120404134+06144,
700150000154’00155100153000149'00142’0011200c082'000531000240()-0960
80.12210,13610.14640.15210,15610,15710.15690¢15210e14430+11520.0841
90,05340,02540,101+404128+0,142+0,415310415990416340416440.162+061581
10,15040,119¢0,08710.05690,026+0,101+0,12910¢14410,15590616120e1641
20,16510.16410,160¢0415140,120+0,0883040564006026+04102104129+00144+
304155404161 40,16410.16540,416310159+0.151+9012040,08890.056+0.0260
40,00910,12690414000415000,15690416010:.16190615910615590014790e117
50,08540.05440,02510e09610412210¢13690614610e¢15210e15510155¢061554
60,15140,14410,114+0,083:¢0,053+0,024/

ALNMDA=1.0

ACCURATELY GUIDED ROLLERS. MODIFIED LINE CONTACT)

V=140

INNER RACE ROTATING

ER=D/{(DI1+D)

ER LIES BETWEEN 0,01 AND 0,30

DO 210 J=1.10

IF(R(J)«GT.ER) GO TO 210

M=J

210 CONTINUE

214

IF(MsEQe10) GO TO 211
DK=(ER-R(M))/(R{M4+1)}-R(M))
GO TO 212

DK=0,0

212 DO 220 1I=1+14

AFC(IY=FClI+M)4DK*(FC(1s+M+1)y-FC(19+M))

220 CONTINUE

EPS=0,5%(1+~PLAY/DELR)
IF(EPSeGT+EPSL (1) e ANDEPSLTEPSL(14)) GO TO 200
AAFC=040

GO TO 234

200 DO 230 =114

IF(EPSL(1)+GT.EPS) GO TO 230
L=1

230 CONTINUE

IF(L«EQe14) GO TO 232
CK=(EPS-EPSL(L) )/ (EPSL (L+1)-EPSL (L))
GO TO 233

232 CK=0,0
233 AAFC=AFC(L)+CK¥(AFC(LL+1)~AFCIL))
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OO0O0000

LA

234 ALDRAT=ALMDARAAFCHFX¥AL#¥(74/94 ) ¥FLOATIN) X% (3e/4,4 ) ¥D#%(294/27,)

ALIFE=(ALDRAT/ (VXEXLD) ) %% (104,/3,4)
LIFE IN MILLION REVOLUTIONS
RETURN

END

PROGRAM ELSTCT(INPUT«QUTPUT s TARPES=INPUT ¢ TARPESG=0UTRUT)

¥ K ¥ X % ¥ K X X ¥ X X K R K R K ¥ X K R K X ¥ X X O O¥ X K ®E
PROGRAM TO FIND THE VALUE OF YOUNG’S MODULUS OF TENSILE TEST PIECE
FROM THE READINGS OF UNIVERSAL MEASURING MACHINEY USING METHOD OF
LEAST SQUARES

¥ ¥ % K ¥ K X OE R K X ¥ K X ¥ ¥ X ¥ O K O K X XK % X E K X X K K
INFORMAT I ON ]

DIMENSION A1(6)+B1(6)1sA2(6)+B2(6)eG(18)+DEL(18)+Y(18)sDIF(18)

10 FORMAT(AF1045/76F10,5/6F10,5/6F10,573F105)

11 FORMAT(1H1«43HMODULUS OF ELASTICITY OF TENSILE TEST pPIECE)

12 FORMAT(////1X46F 10,5/1X16F10,5/1X26F10,8/1X16F10e571X¢SHAREA=

1F 7040 1HXeFT7e4 44X +SHLOAD=FS5s2)

13 FORMAT({iH1 122HEQU. OF THE FORM Y=M%*X/1X112HMEAN STRAIN=+F8¢5/1X5s
112HMEAN STRESS=F7e2¢4H PSI/1X922HMODULUS OF ELASTICITY=eF7e1

24H PS1)

14 FORMAT({1H1+24HEQUe OF THE FORM Y=M¥X+C/ 11X+ 12HMEAN STRAIN=YF7e4/1X0
112HMEAN STRESS=sF7e214H PSI/1X+22HMODULUS OF ELASTICITY=9F7411

24H PSIZIX+20HINITIAL DEFORMATION=F8eSe3H IN)

32 FORMATI(//1Xs 16HMEAN DIFFERENCE=F8+:S¢3H IN)
33 FORMAT(1X» 13HGAUGE NUMBER=11244X¢ | 3HGAUGE LENGTH=:F8e¢593H INs

14Xe 1 IHDIFFERENCE=4+F8+5+¢3H IN)

52 FORMAT(//4+1X+]12HGAUGE NUMBER s 4Xs 1 2HGAUGE LENGTH 14X+ 1 OHELONGATION)

51 FORMAT(4X412911XeFBeSe2H INeSXsF8eSs3H IN)

100 READ(S$10)3( (A1 (1)sl=146+41)2(B1(I)eJ=114611)1(A2(KIIK=12641)
1(B2(L)sL=14641)+WTHeTHeALOAD)
WRITE(G6e11)
WRITE(G6+12)((A1(1)el=19621)9(B1(J)eJ=124641)e(A2(K)sK=19641)
1(B2(L)sL=14621) sWTHsTH+ALOAD)
Al AND Bl ARE THE READINGS OF THE UNIVERSAL MEASURING MACHINE FOR
THE MARKED LINES ON THE OPPQOSITE SIDES OF THE TENSILE TEST PIECE
BEFORE STRESS FREEZING* AND A2 AND B2 ARE THE CORRESPONDING
READINGS AFTER STRESS FREEZINGe WTH AND TH ARE THE WIDTH AND
THICKNESS OF THE TENSILE TEST PIECE. ALOAD 1S THE LOAD ON 1T.
GAUGE LENGTHS
G(1)=A1(4)=A1(3)
G(2)Y=A1(4)=-A1(2)
G(3)=A1(4)~-A1(1)
G(4)=A1(5)~-A1(3)
G(5)=A1(5)=A1(2)
G(6)=A1(5)~A1(1)
G(7)=A1(6)-A1(3)
G(8)=A1(6)-A1(2)
G(O)I=A1(6)~-A1(1)
G(10)=B1(4)1-B1(3)
G(11)=B1(4)~-B1(2)

S G(12)=B1(4)=B1(1)
G{13)1=B1(5)-B1(3)
G(14)=Bl1(5)-B1(2)
G(15)=B1(5)-8B1(1)
G(I61=B1(6)~-B1(3)
G(17)=Bi(6)-Bl(2)
G(18)=B1(6)-B1(1)
ELONGATION
DEL({1)=A2(4)-A2(3)=G(1)
DEL(2)=a2(4)=-A2(2)-G(2)
DEL(3)=A2(4)-A2(1)=-G(3)
DEL(4)=A2(5)~-A2(3)~-G(4)
DEL(S)=A2(5)-A2(2)-G(5)

*
*

*
*
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DEL{6)=A2(5)-A2(1)-G(6)
DEL(7)=A2(6)-A2(3)-G(7)
DEL(B8)=A2(6)=A2(2)-G(8)
DEL(9)=A2(6)-A2(1)-G(9)
DEL(10)=B2(4)-B2(3)—-G(10)
DEL(11)=B2(4)-B2(2)=-G(11)
DEL(12)=B2(4)-B2(1)-G(12)
DEL(13)=B2(5)=-B2(3)~-G{(13)
DEL(14)=B2(5)~B2(2)-G{14)
DEL(15)=B2(5)-B2(1)-G(15)
DEL(16)=B2(6)-B2(3)-G(16)
DEL(17)=B2(6)~-B2(2)1=-G(17)
DEL(18)=B2(6)-B2(1)=-G(18)
WRITE(6+52)

DO 50 L=1+1811
WRITE(6+S51)LG(L)DEL (L)
CONT INUE

A=040

DO 20 I=1+18s1

A=A+G(1)

CONTINUE

B=1840

D=0.0

DO 21 I=1418»1

D=D+DEL.( 1)

CONT INUE

E'-:Ooo

DO 22 1=1+18s1
E=E+G(1)¥x2

CONT INUVE

F=A

H:0.0

DO 23 I=1+18+1
H=H+G(1)*DEL(1)

CONT INUE

EQUATION OF THE FORM Y=M¥X
AMS=H/E
STR=ALOAD/(WTH*TH)
ELA=STR/AMS
WRITE(6+13)AMSsSTRELA
SUM=0,40

DO 30 I=1+18s1
Y(I)Y=AMS%G(1)
DIF(1)Y=DEL(1)~=Y(])
SUM=SUM+ABS(DIF (1))

CONT INUVE

ADIF=5UM/18.0
VRITE(6+32)ADIF

DO 34 I=1+18+1
IF(ABS(DIF(1))elEs{1s5*%¥ADIF)) GO TO 34
WRITE(G6+33)I«G{1)sDIF(I])
CONT INUE

EQUATION OF THE FORM Y=M#X+C
AMS=(D/B-H/F)/(A/B=E/F)
C=D/B-(A/B) *AMS
ELA=STR/AMS
WRITE(6+14)YAMS+STRELAC
SUM=0,0

DO 40 JU=14+18+1
Y(J)=AMS#G(J)+C
DIF(JU)I=DEL(J)Y=Y(J)
SUM=SUM+ABSI(DIF(J))

CONT INUE

ADIF=SUM/ 180

WRITE(6+32) ADIF

DO 41 K=1+18+1

h23
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IFCABS(DIF(K))eLEe(1+45*%ADIF)) GO TO 41 hzh
WRITE(6¢33) KeG(K)sDIF(K)
41 CONTINUE
GO TO 100
END
PROGRAM POWER( INPUT s QUTRPUT s TAPES=INPUT s TAPE6=0UTRUT)
- A R A R R R A - T - SR R S R - N N e O
TO DETERMINE EQU OF THE FORM Y=A#X¥¥N FOR A SET OF POINTS USING
METHOD OF LEAST SQUARES. USED IN DETERMINING THE LOAD-DEFLECTION
RELATIONHSIP OF A ROLLER LOADED BETWEEN TWO PLATENS
L S S A B - R . R A A R R R - SR R S
DIMENSION DIF(100)spL(100)+AL(100)+ALOAD(100)sDEFL. (100)
10 FORMAT(14)
11 FORMAT{1Xe4HLOAD 10X+ 1OHDEFLECTION)
12 FORMAT(1XeF10e2+4XeF1047)
30 FORMAT(1X42HA=1E16¢3v4X12HN=F744)
32 FORMAT(1Xs7HLLOAD L B24X+13HDEFLECTION IN)
36 FORMAT(1XeF10,243X«F1047}
33 FORMAT(1X+33HEQUATION OF THE FORM DELTA=A#P3*%N)
41 FORMAT(///1X+16HMEAN DIFFERENCE=sF10e79¢3H IN)
43 FORMAT(1X+SHLOAD=sF10s2¢3H LB+4X+11HDIFFERENCE=+F10e7¢3H IN///)
50 FORMAT(1H1+27HEQUATION FOR DEFORMATION OF /
11X+30HUSING METHOD OF LEAST SQUARES///)
51 FORMAT(SF1042)
52 FORMAT(S5F1047)
READ(S5s10) NCASE
DO 1000 NCA=1 +NCASE
READ(S+10) N
READ(5+51) (ALOAD(I)sI=19Nel)
READ(S+52) (DEFL(J)*J=1sN4s1)
N IS THE TOTAL NUMBER OF POINTS GIVEN. ALCAD AND DEFL ARE THE
LOAD AND DEFLECTIONS RESPECTIVELY.
WRITE(6450)
WRITE(6+11)
DO 15 I=1eNsl
WRITE(6+12)ALOAD(I)IDEFL (1)
15 CONTINUE
DO 20 I=1Nsl
AL(1)=ALOG(ALOAD(1))
DLUI)Y=ALOG(DEFL (1))
20 CONTINUE

B=B+AL (J)
C=C+DL(J)
FzF+AL (J)*#2
G=G+AL (J)y*DL ()
25 CONTINUE
AN=(C/D-G/B)/ (B/D-F/B)
Al=C/D—~AN¥(B/D)
A=EXP (A1)
WRITE(6433)
WRITE(6+30)A+AN

SUM=0,0
DO 40 =1 +N»sl
DIF(1)=DEFL (1)=A%ALOAD (I )#%AN

SUM=SUM+ABSI(DIF (1))
40 CONTINUE
ADIF=SUM/D

WRITE(6+41)ADIF
DO 42 M=1¢Nsl
IF(ABS(DIF(M))eLEe(1.5%ADIF)) GO TO 42



42

35
1000

WRITE(6+43)YALOAD(M) +DIF (M)
CONT INUE
DELTAzA¥P*#N
VRITE(6+32)

DO 35 K=1+1141
P=FLOAT(K)*#250
DELTA=AXP#¥AN
WRITE(6+¢36)PDELTA
CONT INUE

CONTINUE

STOP

END

35
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of some variables read from the data cards of program FINELM

FR
AMPL
D

RHO
RPM
CON1, CON2,

LA
DR(LA)
V4

NPROB
NPART (LA)
NPOIN(LA)
NELEM(LA)
NBOUN (LA)
NCONC(LA)
NP

NYM

E(I)
PR(I)
EARTH(I)
DENSIT(I)
THICK(I)
NOF(I,LA)
NOF (NCONC (
NUR(J,LA)
NRACE(LA)

NF(I,LA)
NB

BV

—Radial load on the bearing.

~Amplitude of relief in the outer race.

~Diameter of roller.

-Length of roller,

~Specific weight of roller material.

-Speed of shaft.

AAN1,AAN2 ~Constants for load—deflectiﬁﬁ relationship of
roller and platen of the form d=CONXP .More details are
given in subroutine RWST.

-LA=1, Outer race, LA=2, Inner race.

-Diameter of race-track of race LA.

-Number of rolling elements (the program is developed for
Z=20, but can be changed easily for other numbers).

~Number of problems to be solved in one execution of program
for bearings having a given combination of races.

-Total number of partitions in race LA.

~Total number of nodal points in race LA.

~Total number of elements in race LA,

-Total number of nodal points with prescribed displacements in
race LA.

~Number of points with concentrated load in race LA (=number
of points in the race track of LA).

-NP=0, Plane strain case, any other value of NP is for plane
stress case.

~Total number of regions having constant elastic properties,
constant body force per unit volume and constant thickness,
into which the races are sub-divided.

~Young's modulus of region I.

-Poisson's ratio of region I.

~Force per unit volume in X-direction of region I.

~Force per unit volume in Y-direction of region TI.

~Thickness of elements in region I.

~Nodal point number of the point whose serial number is I, on
race track of LA.

LA)+1,1) ~Nodal point number of the point on the outer race
with respect to which bearing body deflection is measured.
-Serial number of the point at the centre of contact area of

rolling element number J on race track of LA.

~Type,of race LA.

-I th nodal point number of race LA with prescribed displacement.

-NB(I,1,IA)=0, Displacement in X-direction is prescribed,
NB(I,2,LA)=0, Displacement in Y-direction is prescribed,
NB(I,1,LA)=1, Displacement in X-direction is not prescribed,
NB(I,2,LA)=1, Displacement in Y-direction is not prescribed.

-BV(I,1,LA)= Prescribed value of displacement in X-direction,
BV(I,2,IA)= Prescribed value of displacement in Y-direction.

NSTART(I,LA) ~First element number of partition I in race IA.

NEND(I,LA)

~Last element number of partition I in race LA,

NFIRST(I,LA) -First nodal point number of partition I in race LA.
NLAST(I,LA) -Last nodal point number of partition I in race LA.

X(J,1,LA)
X(J,2,LA)
NODE(I,J)

NEPE(J)

-X co-ordinate of nodal point J of race LA.

-Y co-ordinate of nodal point J of race LA.

-I=1,3 Three nodal point numbers of a triangular element J
counting anticlockwise.

-Elastic property number relevant to element J.
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OVERLAY (XX+040) 427

PROGRAM FINELM{ INPUT +QUTRPUT s TAPES=INPUT s TAPEG6=0UTPUT »
1TAPE1+TAPE2+TAPE3 s TAPE4+ TAPEB+TAPEZ251 TAPE27)

COMMON C(6+6)'CBA(316)1DB(316)A(616) +B(396)14S5T(704¢140)+U(70s2)
INB(304242)2UT(304242)sUX{161+2¢2)sNF{(30+2)¢DIS(70)
2RS(70)sNOF(162+¢2) sNUR(11¢2)1DFL(162+212)

COMMON/COM1I/X{162+212)sDR(2) +NFIRST(21+2)sNLAST(204+2) ¢
INPART{(2)sNSTART(20+2) + NEND(20+2) s NBOUN(2) + NFREE (2) «NCONC(2) s
2VLM(2) ¢+ NSR(2) sCL{(12) «NNN(4) sNRACE(2)+FR+ZsCON1 +yCON2+ AANT 9 AANZ2 »
3RPMeDYALYRHOSY sFOR( 12¢2)+FORC(1212) s ITNI'ERR * AMPL Y'NSF +NPROINPR s
ARBF(2)¢REF(2)+UF(2)+DC(11)+sBDFLFOR1(1142+20)

COMMON/COM2/FCTRsFCTR1 s GRMS+NTYP

READ(S5+1000) FCTRs+FCTR1+GRMS+NTYP

WRITE(6+1000)FCTRsFCTR1 +GRMSINTYP

FORMAT(1XyFGe292F5e2415)

CALL OVERLAY(2HXX+19+0+0)

E R R R R R - S R SR 2 R A R G

FORMATION OF MODIFIED STIFFNESS MATRICES

FOH O O H K K K H K X R ® R X ¥ K XX K ¥ KK XK X H K XX KK

CALL OVERLAY(2HXX4+2310s+0) '

READ(5+10) NPROB
FORMAT(14)

DO 20 NPR=1:NPROB

READ(S+15) FR+AMPL +Ds AL +RHO sRPM e NSF
FORMAT(F10,144F10,52F10,1214)

IF NSF=1+ STRESSES WlLL BE CALCULATED AND PRINTED+* DEFLECTION AND

FORCES AT EACH NODAL POINT WILL BE PRINTEDe ANY OTHER VALUE OF

NSF WILL OMMIT THESE.

REWIND 3
REWIND 4
DO 30 LA=1+2
RBF(LA)=0,

IF(VLM(LA) «GT+0e) GO TO 25

DEN=0,

GO TO 26

DEN=FR/(2+¥VLM(LA))

NPA=NPART (LA)

DO 30 I1=1+NPA

READ(3) Me(U(TeLA)sI=14eM)

IF(1=-NSR{LA)) 29427329

DO 28 MN=1+M

UI(MNLA)=U(MNsLA)*¥DEN

RBF(LA)Y=RBF (LA)+U(MN+LA)

WRITE(G4)Me(U{(TeLLA)sI=]1 M)

CONT INUE

CALL OVERLAY(2HXXy3+0:0)

NPRO=NPROB-NPR

AMGN=2000,

AMGN IS THE MAGNIFICATION TO WHICH THE DEFLECTED SHAPES OF THE

RACES ARE PLOTTED.

CALL DRAW(AMGN)

CONTINUE

REWIND 8

STOP

END

SUBROUT INE DRAW({AMGN)

E R R TR > T S S SR S - - D D - S S S TP S 3
SUBROUTINE TO DRAW THE DEFLECTED SHAPE OF RACES

E N L - - I G R A T T T S S I N A S
DIMENSION W(1260)+Z2(840)+sSINE(420)

COMMON C(636) +DBA(316)1DB(316)2A(6+6)+B(3456)+45T(70+4140)+U(T7092)
INB(30+2:¢2)sUT(304242)1UX(1619292)sNF(30+2)9DIS(70)
2RS(T70)INOF(16212) ' NUR(11+2)+1DFLL{16292+2)
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COMMON/COM1/X(1621212) +DR(2) «NFIRST(2112) sNLAST(20492) 1
INPART(2) « NSTART(2042) +NEND(20+2) « NBOUNI2) +NFREE(2) +NCONCI(2) 1
2VLMI2) +NSR(2)+CL(12) tNNN{4) s NRACE(2)1FRyQ1CONL vCON2+ AANT 1 AAND
3RPMsD1AL RHOIY1FOR( 1292)1FORC(12v2) ¢ I TMNIERR 1 AMPL ¢ NSF s NPRO ' NPR »
4RBF(2)sREF(2)+UF(2)sDC(11)1+BDFLFORI(1112:20)
COMMON/COM2/FCTR+FCTR1 1GRMS NTYP

EQUIVALENCE (ST(14123)14(1))s(ST(111269)1Z(1))+(ST(1+4135)+SINE(1))
IF(NPReGT.1) GO TO 10

CALL START

NCON=NCONC( 1)

B=5.0
TAX=2675

BY=3.875

AMGN IS THE MAGNIFICATION

B IS THE Y CO-ORDINATE OF CENTRE OF RACES

AX 1S X CO-ORDINATE OF POLE

BY IS Y CO-ORDINATE OF POLE

CLN=(DR(1)-DR(2))/2+-D
BN=CLN/ABS(CLN)#(FLOAT(NRACE(1}))%10.%#5+FLOAT(NRACE(2))%10,%%4+
1ABS(CLN)* 10 . %%#6+AMPL% 106 %%4)

WRITE(6+50) BN

FORMAT(///71X s 3H%%%v2X+ 1 IHBEARING NOs'F8e0 12X 3H%¥%///)

DO 20 LA=1,2

IF(LA=-1) 12+11412

R=0.80

CALL PLOT(240¢0,75+=3)

CALL SYMBOL(2¢12:¢049¢0415¢10HOUTER RACEs0+0¢10)

GO TO 13

R=2. 10

CALL PLOT(5¢2+0,04~3)

CALL SYMBOL(2412+0¢910,13+10HINNER RACE10.0+10)

CALL POLE(AX+BYsL A)
NCON=NCONC (L A)
AMP=0,2
H=6¢2831854/Q
THE=O.

NO=0

DO 30 I=14+NCON
SINE(I)I=(X{142:LA)-BI/SARTIIX(Ts2¢:LAY-BIX*%24+X{ T el sLLA)YX%2)
CS=SQRT(1«=-SINE(])¥*%2)

W{l)=AX+R¥CS

Z{1)=BY+R*¥SINE(1)

IF((LACEQe2) e ORe (AMPL oL Te¢0Cs1E~-10)) GO TO 18
TN=SINE(I)/CS

IF(CSeGTWe0s) GO TO 21
ANG=361415327/72+(SINE(1)/ABS(SINE(])))I*¥3e1415927724

GO TO 22

ANG=341415927/2«+ATAN(TN)

IF(I.EQel) GO TO 14

IF(ANGeLTeTHZ)Y GO TO 15

THE=THE+H _ o .
NO=NO+1

C(1+1)=DCINO)

C(2+1)=DCINO+1)
INZ=INT(Q/2e+1e)—1

IF(NO=INZ)Y 17416417

C(3+1)=DC(NO)

GO TO 19

C{(3+1)=DC(NO+2)

X1=THE-H
C3=(Cl141)-2%C(241)4C(391))/(2e%H¥%2)
C2=(Cl2¢1)1=C{141))/H=C3# (25X 1+H)
Cl=C(1e]l)—C2¥X}=-C3¥X1%#%2
AMPI=(Cl+Co2xANGTCI3FANGE¥2)1%042
WEI)=W(]1)+AMP1%CS



18

30

35

100

1002

1003

1004

20
40
58
60

45
55

Z(1)=Z(1)+AMP1*SINE(])
I11=2%¥NCON-1
WOIII)Y=Z2¢%¥AX-W(I])
FAGRSREVARS!

CONT INUE

12=2%NCON~-1

W(l2+1)=0,

Z2(12+1)=0,
Wilz242)=1e
Z([242)=1 e

CALL LINE(WsZ+1241+4041)

DO 35 I=1+NCON

CS=SAQRTI(]1 «-=SINE(1}Y¥%2)

DELR=DFL (9] sLAYXCS+DFL(I «2+LAIXSINE(T])
WEI)=wW(I)+DELR¥AMGN*CS
Z(1)=2Z2(1)+DELR*AMGNX*SINE (1)
111=2%NCON-1

WOIII)=24%AX=W(I)

Z(I11)=Z(1)

CONTINUE

CALL LINE(WeZs12¢13041)

IF(LAsEQe2) GO TO 20

FPN=100,/AMGN

CALL SYMBOL (147040654041 ¢28HONE DIV REPRESENTS
CALL NUMBER(3e¢630:5%061sFPN+0«0¢2)

TF(NTYP—-2)1001+1002+1003 _
CALL SYMBOL(449+0,5040.,1+41HBEARING NO RS

1PM=40,0441)

GO TO 1004
CALL SYMBOL(449+0,5040.1941HBEARING NO RR

IPM=4040441)

GO TO 1004
CALL SYMBOL(44910e5010¢1941HBEARING NO RT

IPM=4¢040441)

CONTINUE

CALL NUMBER(6e¢204065030e] +BNeO40Os—-1)
CALL NUMBER(7¢62+0450404¢1FRv04,09—1)
CALL NUMBER(94024¢0¢50+4041 RPM10404~-1)
CONT INUE .

IF (NPRO) 40445440

NPR3=NPR/3

IF(3*¥*NPR3~-NPR)1584+60+58

CALL PLOT(=7¢2184,01-3)

GO TO 5SS

caLL pLOT(ToOQ‘lS.ESQ-B)

GO TO 55

CALL ENPLOT(84+0)

CONTINUE

RETURN

END

SUBROUTINE POLE(AXeBYs+LA)

L2494

THOU+0 .0+ 28)

LOAD= LBS R
LOAD= LBS R
LOAD= LBS R

¥ ¥ ¥ ¥ X X ¥ K X K K X ¥ H ¥ ¥ ¥ % F X ¥ X ¥ X ¥ H 3 ¥ X X ¥ F *

SUBROUTINE TO DRAW THE POLAR SCALES

¥ O H K ¥ X O O ¥ X K ¥ X X K F X ¥ X X K X ¥ ¥ X X

DIMENSION X({7)e¢Y(7)

X(3)=O.

Y(3)=0.

X(4)=1e

Y(4)=1oe

DO 10 11=1+10
THETA=(3,1415927/5¢ )% (FLOAT(11)-0,5)
X{1)=AX+COS(THETA)
XI2)=AX+2 ¢ %¥COS(THETA)

¥ % ¥ ¥ * ¢



20
10

30

SUBROUTINE RWST

Y(1)=BY+SIN(THETA) L30
Y(2)=BY+2+*SINI(THETA)
CALL LINE(XeYs291¢00¢1)
AXX=X(1)

AYY=Y(1)

DO 20 LL=1+11
X{1)=AXX~-SIN(THETA)/20.
Y{1)=AYY4+COS(THETA}) /720
X(2)=AXX+SIN(THETA) 720,
Y(2)=AYY-COS{THETA)/20+.
CALL LINE(XsYe291+001)
AXX=AXX+COS(THETA)YZ 10
AYY=AYY+S IN(THETA)Z10,
CONTINUE

CONTINUE

X(1)=AX+0e1l

X(2)=AX-0e1

Y(1)=8BY

Y(2)=8BY

CALL LINE(XOY’Z'IOOQI)
X(1)=AX

X(2)=AX

Y(1)=BY+0e.1

Y(2)=BY—~0.1l

CALL LINE(XsY124+14091)
IF(LAsEQs2) GO TO 30
X(1)=040

Y(1)=0.0

X(2)=1047

Y(2)y=vyI(1)

X(3)y=X2)

Y(3)=6¢375

X4)=X(1)

Y(4)=Y(3)

X(5)y=X01)

Y(S)=Y(1)

X(6)=0.

Y(6)=0.

X(7)=1e0

Y(7)=1.0

CALL LINE(Xs+sY4541+091)
CONTINUE

RETURN

END

OVERLAY(XXs140)
PROGRAM ONE
CALL RWST
RETURN

END

DIMENSION XE(392)+BV(30+2+2)sNOD(3)+sNODE(344)sNPOIN(2) +NELEM(2) ¢
INCOLN(2) +DENSIT(50) +EARTH(60) s THICK(60)1E(E0) sPRIOC) s LKK(4) 0
2NEPE (4) 4+ 1PD(2)

COMMON C(696)+DBA(3+6)+DB(316)+A(6456)9B(3+6)+ST(T709140)+U(T7042)
INB(30:2¢2)sUT(304¢2+2)¢UX(16142+2)+NF(30+2)9DIS(70}
2RS(E70)eNOF(162+2) +NUR(11+2)4DFL(1629242)

COMMON/COM1/X{162+2¢2) 'DRI{2) «NFIRST(2142) +NLAST(20+2)

INPART(2) +NSTART (2042 ) yNEND(20+2) « NBOUN(2) s NFREE (2) +NCONC(2) ¢
2VLMI2)sNSRI2)sCL(12) +NNN(4) s NRACE{2)9FRYZsCONI1 sCON2+ AANT ¢sAANZ »
3RPMIDsALIRHO+Y+FOR( 1212) +FORC(12+¢2) s ITN+ERR s AMPL s NSF + NPROYNPR +
ARBF(2)'REF(2)sUF{2)+DC(11)+BDFLFOR1{11+2+20)

READ(S:35) NYM



0O000

OO0

OO0

S NeNeNeNe)

*

*
*

DO 64 I=1sNYM L 31
READ(S+12) NYSE(I)+PRII)DENSIT(I)eEARTH(I)+THICK (1)
IFC(I-NY) 36+64+36
36 STOP
64 WRITE(GEs 12)NYsE(T)2PROI)YDENSIT(I)ecaARTH(I) ¢ THICK (1)
12 FORMAT(ISGIE126204F 1406)
READ(S+10) (NNN{I)sl=1e¢4)"
WRITE(S6¢10) (NNN(I)YsI=1924)
NURCI=1+LAY=NNN(] *I=NNN(2) .
NNN(3) GIVES THE SERIAL NOs OF THE 90 DEGREE NODe POINT ON RACES
NNN(4) GIVES THE MATERIAL PROPERTY (ELASTICITY) NOe. OF ELEMENTS
NEAR THE RACES
READ(S5+73) Ze¢CON1+CON2sAAN1YAAN2IDR(1)4DR(2)
WRITE(S6+73)Z+CONL +CON2+AAN1 s AANZ2sDR(1)2DR(2)
CON1yAAN]l FOR APPROACH OF TWO PLATENS BETWEEN WHICH A ROLLER IS
LOADED AND CON2+AANZ2 FOR LOCAL DEFLECTION OF A PLATEN ONLYe.
73 FORMAT(F64242E1264+4F1045)
REWIND 1
REWIND 2
REVIND 3
REWIND 4
REWIND 8
N3=NNN(4)
Y=E(N3)
WRITE(B)Z-CONJvcomz'AANloAANas(DR(I)vl_loa)vNYMsz(NNN(I)-I-loa)
DO 20 LA=1+2
NFREE(LA)=2 °
3 3 3 3 ¥ ¥ F ¥ ¥ 3 I 3 3 3 % K ¥ I K 3 S R O O X ¥ ¥ % ¥ O % 3 3% %
READING AND PRINTING DATA
¥ 3¢ ¥ ¥ ¥ ¥ 3 I ¥ X % 3 W 3 I % R ¥ O O R K K KON FOF % % % ¥ 3
READ(S+10) LLA+NRACE(LA)
IF(LA-LLA) 3s4+3
STOP
IF(LA=1) 6+716
WRITE(6+11) NRACE(LA)
FORMAT(1H1+1SHINNER RACE NOe t12//)
GO TO 8
7 WRITE(6+13) NRACE(LA)
13 FORMAT(1H1+15HOUTER RACE NOe «12//)
8 READ(S+10) NPART(LA) +NPOIN(LA)Y 'NELEMILA) «NBOUN(LA) o
INCONC(LA) sNP+NSR(LA)Y s IPD (LAY
WRITE(6¢10) NPART(LA) »NMNPOINILA) «NELEMILA) +NBOUN(LA) »
INCONC(LA) +NP+NSRILA)Y +IPDI(LA)
10 FORMAT(814)
IF NSR{LA)=1 EXTERNAL LOAD WILL BE DISTRIBUTED AS SHEAR STRESSES
ON AREAS WHOSE DENSIT IS GIVEN A VALUE (SIGN*le)e WHERE SIGN

REPRESENTS DIRECTION OF SHEAR STRESS. IF IPD(LA)=]1 SHEAR STRESS
DISTRIBUTION WILL BE PARABOLICe ANY OTHER VALUE OF IT WILL MAKE

THE DISTRIBUTION UNIFORMa
VLM(LA)Y=0.
NCON=NCONC(LA)+1
NCO=NCON/18

IF (NCO#18-NCON) 72471472
72 NCO=NCO+1
71 DO 69 J=1+NCO
I=18*%(J~1)
READ(S5+33) NOF(I+1+LA)NOF(I+29LA) +NOF(I+3sLA)Y+NOF(I+49LA)
INOF({ J4SeLA) sNOF(T146vLA)INOF({I+7 LAY sNOF{ I+8sLA) +NOF(I14+9+LA) s
2NOF(I+10sLAY sNOF(T4+11 LAY NOF(I+12¢LA)INOF(I+13+LA)NOF(I4+14eLA)
BNOF( 14+ 1SeLAY s NCF{I+16+LA)YSNCFI+1IT7sLA)NOF(I4+18+LA)

69 VWRITE(S+33INOF(I+12LA)INOF(I+2LA)Y sNOFC(I4+3¢LA)+NOF (I 440 A)
INOF(I+SeLLA) sNOF (146 LAY YNOF({I4+72LLAY sNOFC(I+8+LA)Y «NOF(I+9e L A) ¢
PNOFC 1410+ A sNOF (411 LAY sNCFUI+12sLA) sNOF(I14+13+LA) sNOF(I+14eLA)
BNCFlI+15+ LAY sNOF (I +16LAY sNOF(I+17¢LA) S NOF{(TI4+18¢LA)

33 FORMAT (1814}

NBO=NBOUN(1L.A)

-0 HdW
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45
47

120
121

85

L32

DO 50 1=1..NBO

READ(5446) NF U1 AY SNBIIs1eLA)NB(I92sLAYBVI1a12LA)YBVI(Is2+LA)
VRITE(6146) NF{TLA)YINBC(Isl1sLAYINBC(Is2/LAYsBVIIe1+LAYeBV(I2+LA)
FORMAT(314+2F1648)

NPA=NPART (LA)

DO 606 I1=1NPA

READ(5+10) NPARNSTART(ISLAY«NENDC(TI LAY 'NFIRSTC(I+LA) «NLAST(IWLA)
WRITE(6910)NPARINSTARTII LAY sNEND( T sLA) tNFIRST(TeLA) +NLAST(IsLA)
WRITE(SINPARTILA) sNELEMILA) sNBOUNI(LA) +NSR(LAY s NCONC(LA) sNPAS
TINSTARTIfLAY Y I=1+sNPA) s INENDIT'LA) 2 I=1+NPA) v INFIRSTC(IeLA)sI=1+NPA)
2+ INLASTOIsLAY+I=1+NPA) sNCONs (NCF{IT LAY +I=1sNCON) +NBOs(NF(IsLA)
3I=19NBO)s LINBITI*UsLAY s I=1NBO) +J=112) sNFREE(LA) s CIUT( Lo JeLAY s I=10
4NBO) 1J=1+2) s NRACE(LA)

NFIRSTINPA+1sLA)=NLAST(NPALA)+1

DO 75 1=1+70

DO 75 J=14+140

UCTLeLAY=Os

ST(I4J)=00

DO 70 II=1¢NPA

NST=NSTART(IIsLA)

NEN=NEND(II«LA)

K=NFIRST(II«LA)

L=NLAST(II LA)

MINUS=K=-1

KL=L-K+1

KL3=KL/3

IF(3%KL3=-KL) 31+32+31

KLL3=KL3+1

DO 30 I=1KL3

READ(S5+¢35) NOD(1) e X(33#[~2412LA) s X(3*[=292LAYINOD(2) s X(3%1I=1919LA)
19X (3%I=142LA)NOD(3) o+ X(3xI 01 ¢LA) 1 X(3HI129LA)
FORMAT(3(14+2F10,46))
WRITE(6137INOD(1) o X (3% =201 LAY X(33#T=212¢_A)INOD(2) e X(3%I=101sLA)
1o X(3%#I~19220LA)SNOD(3) o X{3%[e1 LAY X(3%192+LA)
FORMAT(3(1412(4XsF10,6)94X))

CONTINUE

DO 171 NX=1sNCON

NNOD=NOF (NXsLA)

MMM=NNQD~K

IF(MMM) 17161720172

MM1=NNOD~-L

IF(MML) 17341739171

MMM 1 = MMM+ 1

DFLINXe1oLA)=X(MMML*1vLA)

DFLINXs2+sLAYI=X(MMM]I 22+ A)

CCNT INUE

JJdi=4

DO 80 LK=NST+NEN

IF(UJJeLTe4) GO TO 110

READ(5+45) (LKK(J) s (NODE(I¢J) e I=123)sNEPE(J) +JU=14)

WRITE(6+47) (LKK(U)s (NODE(IvU) 2 I=193)eNEPE(UYvU=194)
FORMAT(4(15+3144+13))

FORMAT(4(41541394X%X))

JJJ=0

NNNENNNES

IF(LKK(JJII -LK) 1201214120

SToP

CONT INUE

DO 111 I=1e3

NOD( I)=NODE (] ¢ JJUI)

NEP=NEPE (JJJ)

DO 85 I=1+3

JJI=NOD( 1) -K+1

XEC(Te1)=X{UUrl tLA)

XEC(I92)=X(JJe2sLA)
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000

OO0

131
132

* %
900

242

243

245

YM=E (NEP)

P=PR(NEP)

TH=THICK (NEP)

ORY=(XE(142)+XE(2+2)+XE(342))/3s

E - S R - I B T - B R R B N SR I S R S I .
CALCULATION OF ELEMENT STIFFNESS AND STRESS MATRICES

E R - A T I R A S B I I I IR T R . S S S )
CALL FEMUXE«YMsPsNPyTH«NOD)

LR R R A - S PR S A T R R R R R D I
C 1S ELEMENT STIFFNESS MATRIX

LR S I 2 B AT I N A R A B TS R L R A
CALCULATOIN OF LOADS DUE TO BODY FORCES

L I I I R S A A - T S R R S I I B

DEN=DENSI T(NEP)

EAR=EARTH(NEP)

CALL .LOAD(XEsNOD+[LA*THYDENSEAR K +VLM+ORY yNSR+ IPD)

DO 80 LL=1+3

DO 80 KK=143

F¥OW R K R ¥ ¥ OF R K ¥ O O X O X H K X R K K K FK K XX K ¥ X K K
NEXT TWO CARDS ARE FOR CHECKING

X OB X X K K K K X ¥ R ¥ O ¥ ¥ OE X X K R K K K ¥ XK X X ¥ ¥ ¥ ¥ ¥
IF(NOD(KK)}~K)80+13114131

IF (NOD(KK)=L)132+132+80

NFRE=NFREE(LA)

M=NFRE#* (NOD (KK ) =K )

N=NFRE* (NOD (LL ) -K)

¥ X K ¥ ¥ ¥ ¥ ¥ x ¥ ¥ ¥ OF R X F H N X ¥ X K ¥ K ¥ ¥ X K X ¥ X *

M AND N GIVE LOCATION OF NODAL POINTS OF THE ELEMENT UNDER

CONSIDERATION IN THE TOTAL STIFFNESS MATRIX

O F K % X K X K ¥ ¥ O R K K K X K ¥ K K OH O X X K O X ¥ X
[ =NFRE*(KK-1)

J=NFRE* (LL~-1)

X O ¥ ¥ X F X X K ¥ O K K K K K X K XK R MK X K X XK X o ¥ R

3*

I AND J GIVE LOCATION OF THE NODAL POINTS OF THE ELEMENTS UNDER

CONSIDERATION IN THE ELEMENT STIFFNESS MATRIX

¥ o X X XK X K K OR K X G ¥ H O K X K K OE K R O X K O OE X X X X K
IF(N)1801900+900

FEOR ¥ X ¥ OO OF X X K X H ¥ O K X K K ¥ ¥ K K F K H K O ¥ ¥ ¥ K
PUTTING THE ELEMENT STIFFNESS MATRIX UNDER CONSIDERATION IN THE
PROPER PLACE IM TOTAL STIFFNESS MATRIX

¥ OE K O ¥ X X X x OK ¥ X K X K K X X K X K X K XK X X R K ¥ W X
DO 5 NJ=1+NFRE

DO 5 M1l=1NFRE

MMI=M+M1

NNJ=N+NJ

IMI=1+M1

INU=J+NJI

ST(MMI *NNJ) =ST(MM] sNNJI+CUIMI v JUNJ)

CONTINUE

2% ¥ F ¥ N ¥ K F ox K O X K X K K K XK K X K KX KK X X K X K K K
INTRODUCTION OF PRESCRIBED DISPLACEMENTS

EOX R O ¥ ¥ ¥ W X X K ¥ K ¥ K KK K X ¥ X K K K K X R K ¥ X X E
DO 290 1=14NBO

I I T 2 A I RN RS SR R I S T T 2R TR S R S
TO TEST WHETHER NF(1+LA) 1S IN THE PARTITION UNDER STUDY OR NOT
F¥O¥ X ¥ X ¥ K K % O X ¥ ¥ ¥ ¥ K K % K ¥ ¥ ¥ ¥ K ¥ R F X B * X ¥
L1=NFIRST(ITI+14sLA)-1

M=NF (1 sLA)~K

IF(M) 2902424242

M1=NF(1l.LA)—-L1

IF(M1)243¢243+290

DO 230 J=1.NFRE

IFINB(IsJslLA)) 23042454230

NMI=NFRE*M+J

*

*

*

*

¥*

*

*



O0000

230
290

881

880

882

883

o988

702

700

701

703

798

797
70

170

20

806

6000

434
¥ % 3 S K OF ¥ K ¥ X X X O K K ¥ K O O O O K F X X X ¥R X ¥ ¥ X X
NMI GIVES LOCATION OF THE NODE WHOSE DISPLACEMENT IS GIVEN IN THE
CONCERNED PARTITIONED MATRIX
THE DIAGONAL TERM 1S MULTIPLIED BY A LARGE NUMBER
E I I T AR A 2 - R R IR R A T T . A R T T N
STINMI sNMI)=STINMIsNMII%¥0e1E+12
UTCIaJaLA)=STINMIsMMI ) #BV(IsJsLA)

CONT INUE

CONT INUE

M=NFRE* ((NFIRST(II+1+sLA)—1)=(NFIRST(IIl+LA}=-1))

WRITE(4) Mo ((ST(IeJd)eJd=lsM)sI=1+M)
WRITE(2)Ms Ul TsLAYeI=1 M)
LR=2%KL

MM=M+1

LRMM=LR=M i
LRMM]1=LRMM+1
IF(NPA-11) 8811+883+881
DO 880 [=1+L.RMM
JI=M+1
UCT+LAY=UCJTJLA)
DO 882 I1=LRMM!,+70
U(IsLA)=0e

CONT INUE

CONT INUE
IF(NPA—-II) 988+70.,988
NN=NFRE#({ (NFIRST(II+2¢LAY-1)=(NFIRST(]I1lsLA)=-1))
N=NN=MM+ 1
WRITE(4)I)MONs ((STC1eJ) s J=MMINN)sI=1+M)
JXR=MM

JIR=1

JXC=MM

JIC=1

ST(JIRIJIC)=ST(IUXRsJIXC)

JXC=JUXC+1

JIC=JIC+1

IF(JUXC-LR) 700+7004701

JXR=JXR+1

JIR=JIR+1

IF(JXR-LR) 7024+702+703

CONT INUE

DO 798 I=1+LRMM

DO 798 J=LRMM1+70

ST(1+J)=0.

DO 797 [=LRMM1+70

DO 797 J=14¢70

ST(I+J)=0,

CONT INUE

DO 170 1.J=1+NCON

X(i1JeleLAY=SDFL(IJs19LA)
XCIJe2+LAI=DFL{1Js29LA)
WRITE(S8INCONs { {XCTeJsLA) s I=1 s NCON) s J=192) 2 VLMILA)
CONTINVE

REWIND 2

REWIND 3

DO 806 LA=1.+2

NPA=NPART(LA)

DO 806 I11=1+NPA

READ(2) Me(U(TIsLAYes I=1 M)
WRITE(3IMs (U T sLAYs I=] M)
WRITE(SIMe(UCTsLA)sI=1 M)

CONTINUE

REWIND 2

REWIND 4

WRITE(6+6000) (VL MILA)'LA=112)
FORMAT(//1X¢ 1 1HVOLUMES AREWF 10e515X+F 1045)
RETURN )
END



SUBROUTINE LOAD(XE+NODsLAsTHIDENIEARIKs VLM+sORY +NSReIPD) h35
C # % ¥ ¥ X 3% % ¥ ¥ 3 ¥ 3% % ¥ ¥ X X ¥ X ¥ ¥ ¥ ¥ ¥ ¥ ¥ X F X X ¥ X X ¥ ¥
C SUBROUTINE TO CALCULATE NODAL POINT FORCES DUE TO BODY FORCES
C ¥ % ¥ % ¥ 3 X 3 # ¥ % ¥ X K ¥ K X ¥ ¥ F X X X ¥ X ¥ F ¥ X ¥ X ¥ X %X ¥

DIMENSION Xg(3+2)+NOD(3) +VILM(2)sNSR(2) s IPD(2)

COMMON Cl636)+DBA(36) tDB(3+46)1A(696)+B(396)1ST(T70+140)sU(T70+2)
INB(30+222)3UT(3042+2)sUX(161+4242)sNF(3042)9DIS{(70)
2RS(T70)+NOF( 16212y yNUR(112)sDFL(162¢2+2)

IF(DEN) 10430410

30 IF(EAR) 10420410
10 VOL =0,1666687#THXIXE(2+1)¥(XE(312)=XE(1+2))4XEl41)#(XE(242)-
IXE(392))+XE(B34 1)1 % (XE(112)=XE(212)))

IF(NSR(LA)«NEe1) GO TO 16 )

IF(IPD(LA)YeNEe1) GO TO 16
CENTRE=5,.0

ORY=ABS (ORY-CENTRE)

HT=1a2

IF(LA«EQe1) HT=CENTRE

VOL=VOL%(14—-(0ORY/HT)2%2)

16 VLMILA)=VLM(LA)Y+3.%VOL
VT =VOL #¥DEN
UT=VOL#*EAR
DO 86 1=1+3
JJ=NOD (1)
JIK1=2%(JJ-K) +1
UCJIKL+LAY=U(JUK] JLAY+UT
JIKZ2=2% ( JIJ=-K) +2
86 UTJUK2+L AY=UJUK2 +LAY+VT
20 CONTINUE

RETURN

END

SUBROUTINE FEM(XEsYMsP sNP+THeNOD)

C ¥ ¥ # 3 X ¥ % ¥ ¥ % ¥ ¥ ¥ ¥ ¥ X ¥ X X ¥ ¥ ¥ ¥ ¥ ¥ ¥ X ¥ X ¥ ¥ ¥ ¥ ¥ ¥
c SUBROUTINE FOR FORMATION OF ELEMENT STIFFNESS AND STRESS MATRICES
C-X--)(--X--)i—*-x--)(--)(»*-X--)(--)(»*%*********************

DIMENSION D(3+3)+sBTDBA(6+6) s XE(3942)1ZX(3)9ZY(3)NOD(3)

COMMON C(616)1DBA(336)+DB(316)+1A(596)1B(3+6)115T(70+1140)sU(7042)
INB(30+¢2+2)2UT(3042+2)1UX(1614242)9NF(30+2)sDIS(70)
2RS(70)sNOF(162+2)sNUR(112)1DFL(162+12+2)

C-X-******-X—**;:—************************
C FORMATION OF STIFFNESS MATRIX
C***********************************

DO 20 J=146

DO 21 [=14+3

B(ls¢J)=0s

DB(1sJ)=0Ce

C SPACE FOR B DB MATRIX READYs B MATRIX 1S EQUAL TO B¥*A HERE
21 DBA(1sJ)=0.
C DBA IS STRESS MATRIX
DO 20 1=146
ACls+J)=0.

BTDBA(I +J)=0s
20 C(lvU)=0,
DO 22 J=1+3
DO 22 I=1+3
22 D(1+J)=0,
C CALCULATION OF CENTROID OF THE ELEMENT
ORX=(XE(1+1)+XE(24+1)¥+XE(3+1))%333333
ORY=(XE(112)14+XE(242)4+XE(3+42))%333333
PO ¥ O OFE OB % O X R O® O X X H R OF K KON X KK X XK X K XK
CHANGING ORIGIN To CENTROID OF THE ELEMENT
B OX ¥ K B ¥ X K % X O X R X OHEOE O ¥ X X X KR OE K K R ¥ X KR X
DO 5 1=143
XE(I+1)=XE(I+1)~0ORX
5 XE(]+2)=XE(1+2)~0RY

OO0
* *
* *



10

00

00

¥* %

¥* *
81

¥ %
75

¥ *
73

30

40

CALCULATION OF SMALL Bl Cl AND A
ZX(1)=XE(2+2)=XE(3+2) .
ZX(2)=XE(3+2)=XE(1+2)
ZX(3)=XE(1+2)=XE(2+2)

ZY (1 )1=XE(3+1)=XE(29+1)
ZY(2)=XE(1+¢1)=XE(3+1)
ZY(3)=XE(2+1)=-XE(1+ 1)
ZK=XE(2+1)¥XE(3:2)~-XE(3+1)%XE(2+2)
Z=3e%¥7ZK

IF(ZelLTeDs) WRITE(6+10)
FORMAT(//1Xs 1OH*¥%% AREA IS =VE #¥%¥%//)
A IS CONNECTION MATRIX AS IN THE PROBLEM
AND B MATRIX AS IN THEORY
Alle1)=ZK/2Z

Al24+1)=ZX(1)Y/2

A(3+1)=2ZY(1)/2

Ald4e¢2)=A(14s1)

A(S+2)=A(21+1)

A(H+2)=A(391)

A(l+3)=2ZK/Z

A(2+3)=2ZX(2)/Z

A(3+43)=2ZY(2)/Z

A(4+¢4)=A(143)

A(S544)=A(2¢3)

A(64+4)=A(3«3)

A(1+5)=ZK/Z
A(2¢5)=ZX(3)/2

A(3+5)=2Y(3)/Z
Al4s6)=A(1e5)
A(Si6)=A(2+5)
A(646)=A(3+5)
B(142)=140
B(3+3)=1.0
B(3+15)=1,0
Bl2:6)=1,0
IF(NP)75+4811275
FOX ¥ ¥ K K ¥ K ¥ ¥ ¥ K K ¥ X ¥ ¥ ¥ ¥ ¥
ELASTICITY MATRIX FOR PLANE STRAIN CASE
F O K ¥ X ¥ X K X X X O K X ¥ ¥ X X X X%
DEN=YM¥(1e=P)/( (] e+P)¥(1e=2s%P))
D(1+1)=DEN

D(14+42)=DEN¥(P/(1.~-P))

D(241)=D(1+2)

D(2+2)=DEN
D(3¢3)=0,5%kDEN¥(( )1 ¢=2e%¥P)/(1e~P))

GO TOo 73 .

¥ O¥ ¥ K ¥ K X N X K ¥ O X X kK ¥ X ¥ X ¥
ELASTICITY MATRIX FOR PLANE STRESS CASE
¥ A% H K X K ¥ K g ¥ ¥ ¥ ¥ ¥ 3 X ¥ H ¥ x
DEN=YM/ (1 e—Px%x2)

D(1+1)=DEN

D(2+2)=DEN

D(24+1)=P%DEN

D(1+2)=D(241)

D(343)=DEN*5%(1,-P)

X K ¥ X ¥ ¥ ¥ ¥ ox F ¥ ¥ X ¥ ¥ ¥ X X ¥ X
FORMATION OF ELEMENT STIFFNESS MATRIX

¥ ¥ ¥ ¥ ¥ O ¥ O ¥ N ¥ F R ¥ X X X K K
DO 30 J=1.+6

DO 30 1=14+3

DO 30 K=1.+3
DB(I+J)=DBlI+)+D([eKI*¥B(KsJ)

DO 40 J=146

DO 40 I=1+3

DO 40 K=146

DBA( T+ ) =DBA(TI+J)4+DB (] +KIXA(K W J)

N

43¢



;ntwn

(
’
|

Cc ¥
C
C *

5

437

H ¥ K H K X ¥ R K % ¥ OE O X X O F F R K X ¥ F F F X X X X * K
STRESS MATRIX IS FORMED

¥ ¥ ¥ K F R % K OF O W OE K OH R K O K O E K R OK XK K K KX K E
WRITE(]) ((DBA(I1sU)el=193)9U=196)+(NOD(I)*1=193)9O0RXsORY
WRITE(S)((DBA(IsU) s I=193)1u=1¢6)19(NOD(1)e1=123)+ORX+0RY
VOL=0 (5% TH*Z
DO 50 JU=1+6
DO 50 1=146
DO S0 K=143

O BTDBA(I+J)=BTDBA(1+J3+B8(Ky 1 %DBA(K +J)*¥VOL

DO 60 JU=1.+6
DO 60 =146
DO 60 K=146

60 ClIyN=ClIsI+A(K s [IXBTDBA(KsJ)
C 3t ¥ % ¥ % 3% % ¥ ¥ F ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ F ¥ ¥ F K X ¥ ¥ ¥ ¥ X ¥ ¥ * ¥

STIFFNESS MATRIX 1S FORMED

C 3% ¥ ¥ ¥ H F ¥ ¥ Kk K ¥ ¥ OF ¥ ¥ ¥ X X O F ¥ ¥ ¥ ¥ F X ¥ ¥ ¥ H ¥ X * ¥ ¥

000

140

o
o

424

O0O0O00n

555

667
* ¥

OO0

*
*

%
%

E R IR R I IR R R - S B BN RN R R

RETURN
END

OVERLAY (XX+240)
PROGRAM TWO -
CALL MSM

RETURN

END

SUBROUT INE MSM

E A R K A RS A TR I I B R T I R R CHEE R I I
SUBROUTINE TO FORM MODIFIED STIFFNESS MATRICES

P AR IR N A IR T . K T T R R ST RN N R R B R .
DIMENSION YM(70470)sAM(70+4140)¢8M(70+70)

COMMON C(646)+DBA(396)DB(316)sALH6+6) 18(316)+95T(70+140)¢U(T7002)
INB(304242)+UT(30e2+2)sUX11619292)sNF{3042)+DIS(70)
2RS(T70)sNOF(162+2) «NUR(11+2)sDFL(162+212)
COMMON/COM1/X(162+2+2)1DRI2)sNFIRST(21¢2) sNLAST(20+2)

INPART(2) +NSTART(Z042)sNEND(20+2) + NBOUN(2) sNFREE(2) «NCONC(2) 9
2VLM{2) sNSR(2)sCL{12) sNNN(4) sNRACE(2)FR+ZsCON1 +CON2s AANT s AANZ2 s
3RPMIDYAL«RHO'Y+FOR(1212) yFORC(12+2) s ITN+ERR * AMPL s NSF +NPRO s NPR
4REBF{2)+REF({2)sUF(2)+DC(11)+BDFLIFOR1{(11+2+20)

EQUIVALENCE(AMC 191)1ST(191))+(BMI191)sAM(1+71))

DO 20 LA=z=142

DO 140 [=1+70

DO 140 J=1,70

YM(1+Jd)=04

NPA=NPART (LA)

DO 144 LL=1+NPA

¥ O % FH O K O E O F K OF W X O OFK O KX F FH H O FH K H E ¥ X O R OH K
READING AM MATRIX OF EACH PARTITION

¥R OB K K K R K X K R X K E K E K R K X K O K K K K A X X X X K

READ(4) My ((AM(Ta ) e U=1vM)sI=1eM)
DO 424 1=1.M

DO 424 J=1.«M

AMCT s J)=AM{T e J)=YM( 1Y)

SPNIST INVERTS THE MATRIX USING AM(70+140) SPACE AND WRITES THE
INVERSE IN AM(70470) SPACE.

AM(70471-140) IS AFTERWARDS USED FOR STORING BM MATRIX.

O ¥ M I A % F K ¥ K H X K W SE X H O O OH X N X O R K K
CALL SPNIST(AMiM+70+¢151G)

IF INPA-LL)66616664+555

READ(4) MeN+s((BM{TeJ)sd=1eN)sI=1eM)

WRITEC(T) MeNs {OAMITI v UYoI=1oMY o =1 oMIoC(BMUTIvU)eI=1 oMY I=1eN)
PR B R - S A S S R SR I - S T S RN S N N S I
MATRIX BMs INVERTED MATRIX AM OF EACH PARTITION ARE RECORDED ON
TAPE 1 AND LATER TRANSFERRED IN REVERSE ORDER ON TAPE 2,

FHO3 ¥ % H O F O O W O® H O O F R OK X ¥ X OF O O OF R K W X O OH F



666

787

110

112
144

20

39

40

51
52

56

55

59

60

GO TO 787

WRITE(1) Mo ((AM(TeU) Izl eM)eU=1eM)
IF(NPA-LL) 14441444787

DO 110 JU=1+M

DO 110 I=1eN

YM(14¢J)=0,

DO 110 K=1e¢M
YM(IeJ)=YM(T+J)+BM(K+1)I¥AM(K+J)
WRITE(Z2) MeNs (IYM(Isg)eI=1eN)sJI=1M)
WRITE(8) MeNe (I{YM(IesJ)slI=1eN)eJ=1eM)
DO 111 J=1sN

DO 111 [=1sN

AM(I+J)=0,

DO 111 K=1«M

AMUT e ) =AM T e U)+YM{ T KIXBMIKeJ)

DO 112 I=14N

DO 112 J=1sN

YIM(I e J)=AM(]14+J)

CONTINUE

CONT INUE
REWIND 4

DO 40 LA=1+2

NPA=NPART (LA)

DO 40 LL=1+NPA

READ(4) Me((AM( e Ny JU=1eM)sI=19M)
WRITE(SIMs L (AM( T ) ru=1eM)aI=1M)
YRITE(8) Mol (AMTsJYesU=1eM)e]=]10eM)
IF(NPA-LL)Y 40+404+39

READ(4) MeN«{(BM(Is U)o U=1eN)s]=19M)
WRITE(3IYMiN» ((BM(IeJ)sJ=1aeN)s[=1eM)
WRITE(BIMsNe ((BM{JeJ)sJ=1eN)sI=1e¢M)
CONTINUE

DO 60 LA=1+2

IF(LAEQ.l) GO TO 51

NPA=NPART (1)

GO TO s2

NPA=NPART (2)

DO 59 LL=1+NPA

IF(LL=1) 565655

BACKSPACE 1

READ(1) Mo ((AM(TaU)sI=1eM)eJU=1eM)
WRITE(Z2)Me ((AM{TaJ)sI=]loM)eJ=1+M)
WRITE(S8IMe ({AM(Te e l=1eM)sJ=1leM)
GO TO 59

BACKSPACE 1

BACKSPACE 1

LH33

READ(1)Y MsN«s(lAMITsJ) e I=1 oMY J=T1 M) ((BM(TeU)eI=1eM)eJ=1eN)

WRITE(2IMeNe ((AM(TaU) e I=1 M) e =1 eM) s ((BM(TIsU)e]=1eM)eJd=1eN)
VWRITE(BIMIN« CLAMO T U v I=19Mysustop)s ((BMIT s U) s I=1 M) J=1aN)

CONTINUE
BACKSPACE 1
CONTINUE
RETURN

END

SUBROUTINE SPNIST(AtMKK1IS]IG)
DIMENSION A(1)

ISIG = O

N =M

NN = KK

NZ2 = N + N

DO 10 J=1+N

NJCOL = (N + J = 1) * NN



DO 10 I=1+«N
KINJ = NJCOL + 1
IF(I~J)44644

h39

4 AKINJ) = 0.
GO 7O 10
6 A(KINJ) = 1.

10 CONTINUE

C DETERMINE MAXIMUM ABS OF VARIABLE BEING ELIMINATEDe. THIS BECOMES PRIV

c OTAL ROW
L. = O
12 L =L + 1
LCOL = NN¥*L-NN
KLL = LCOL + L
IF(L = N)13+30,1000
C FIND THE LARGEST ELEMENT IN THE LTH COLUMNe
13 J1 = L
C=ABS(A(KLL))
Ll = L + 1
DO 20 I = L1N
KIL = LCOL + I
X=ABS(A(KIL))
IF(C — X)14420420
C RECORD THE NUMBER OF THE ROW HAVING THE GREATER ELEMENT.

14 J1 = 1
C C BECOMES THE GREATER.
C =X

20 CONTINUE

C INTERCHANGE RCOW Ji WITH ROW L. J! IS THE ROW WITH THE LARGEST ELEMENT

C TEST TO SEE IF INTERCHANGING IS NECESSARY.
IF(Jl = L)22+30s22
22 DO 24 J = LwN2

JCOL = NN3xJ=NN
KJilJd = JCOL + J1
HOLD = A(KJIJ)
KLY = JCOL + L
A(KJIJ) = A(KLJY)
A(KLJ)Y = HOLD

24 CONTINUE

C IF THE LARGEST ABSOLUTE ELEMENT IN A COLUMN 15 ZERO WE HAVE A SINGUL

C AR MATRIX
30 IF (ABS(A(KLL)) - 400000001)33+33+¢32
33 WRITE(64+100)
ISIG = 4
GO To 1000
C ZERO ALL THE ELEMENTS IN THE LTH COLUMN BUT THE PIVOTAL ELEMENT.
32 LI =1 .
L2 = L - 1
IF(L2)321+321+323
321 IF(L=N)322:464+322
322 Ll = L + 1
L2 = N
323 DO 324 1 = LLlsl2
KIL = LCOL + 1
Z = =A(KILYyZ7A(KLL)
DO 324 J = LeN2
JCCL = NN3#J = NN
KIJ = JCOL + 1
KLJ = JCOL + L
324 AIKIJ)Y = AIKIJ) + ZXA(KLJY)
IF(N = L2)12+412+4321
C DIVIDE BY DIAGONAL ELEMENTS.
46 DO 48 I = 14N
KKK = NN¥I - NN + 1
Z2Z = A(KKK)
DO 48 J = 1+N2
KKI = NN%J = NN 4 1



O

0Oo0o0
o *

OO0

48 A(KKI) = A(KKI)/ZZ H4hO
RETURN AFTER PUTTING A INVERSE INTO B
49 DO 50 U = 1eN
JCOL = NN¥J — NN
NJCOL = NN # N + JCOL
DO S0 I = 1eN
KlJy = JUCoL + |
KINJ = NJCOL + I
50 A(KIJ) = ACKINJ)
100 FORMAT(//20X+42H MATRIX IS SINGULARs NO INVERSE OBTAINABLE///)

1000 RETURN

-

END

OVERLAY (XX+34+0)
PROGRAM THREE
CALL SOLN
RETURN

END

SUBROUTINE SOLN
DIMENSION GAP(12)sDFLN(2)sCC(11)sCLRN(11920)+DFLI(20)+DFLO(20) s
1DFLT(20)+DFLB(20) yRMSER(20) sRGDT (20)
COMMON C(646)1DBA(3+6)10B(3+6)1A(6+6)9B(346)¢STI70+140)sU(7092)
INB(304292)sUT(3042+2)sUX(1619292) sNF(3042)¢DIS(70) s
2RS(70) s NCFl16212)+NUR(1192)sDFLI1624242)
COMMON/COMI/7X( 16242121 DRI2)INFIRST(21+2) sNLAST(2042)
INPART(2) +NSTART (2092 )aNEND(20+2) +NBOUN(2) +NFREE(2) «NCONC(2) s
2VLMU2) s NSRI2)+CLI12) +sNNN(4) «NRACE(2) 1FReZ+sCON1 s CON2+» AANT ¢ AANZ
3RPMIDIYALIRHKOYYIFOR(1292) sFORC(12¢2) s ITMNIERR AMPL * NSF s NPROYNPR ¢
4RBF(2)yREF(2)sUF{2)+DC(11)+BDFLsFOR1(11¢2+20)
COMMON/COMZ/FCTRIFCTRI s GRMS «NTYP
DATA (CC(I)91=1411)71e0040,75090.3025900206410,0811106448100877+
10,966406601:4041774+0,000,/
CC GIVES THE SHAPE OF RELIEF IN THE OUTER RACE
DO 74 1=2+12
DC(I-1)=CC(I~-1)
CL{I)=(DR(1)=DR(Z2))/2e¢—D+DC(1—-1)¥AMPL
CLRN(I=1¢1)=CLlI)*104%%x6
DO 74 LA=1e2
NURCI—=1sLA)=NNN(1)y*I=NNN(2)
74 CONTINUE
CLN=CL(2)
IF(CLNeGTeOs) CLN=0,
I TN=0
CALL LMAT
DFLT(1)=BDFL#10,%%3
RGDT(1)=FR/DFLT(1)
#o% % I O ¥ X X ¥ ¥ ¥ K OF X O ¥ X X K ¥ X X X ¥ ¥ ¥ ¥ ¥ ¥ ¥ * ¥
FORMATION OF MODIFIED FORCE MATRICES
¥ % ¥ K ¥ ¥ ¥ ¥ ¥ ¥ F ¥ X ¥ ¥ X ¥ F X ¥ X ¥ X ¥ K ¥ ¥ X ¥ ¥ ¥ X ¥
00 CONTINUE
REWIND 2
REWIND 4
CALL MFM
F* o K F H 3 X ¥ K ¥ XK K ¥ K ¥ X X ¥ ¥ X X X ¥ K ¥ ¥ ¥ ¥ X K ¥ ¥
SOLUTION FOR DEFLECTION BY BACK SUBSTITUTION
* ¥ K X X ¥ 3 ¥ R ¥ K ¥ X X X K ¥ X ¥ K F X F X ¥ X X K ¥ % ¥ *
CALL SOLVE
DO 1BO LA=1+2
NCON=NCONC(LA)+1
N3=NNN(3)
DFLN(LA)=DFLIN3¢2.LA)
WRITE(6+100) NOF(N3sLA)sLADFLN(LA)

*
*

k
%

*
*

100 FORMAT(//+1Xs30HY-DEFLECTION OF NODe POINT NOo¢IS5+12H OF RACE NOe+

114+3H 154E124443H IN)



Licl

DO 181 J=1+NCON
181 BFLIJ«24LAY=DFL(Je2+LA)=-DFLN{LA)
DO 180 1=2+12
180 FORC(IsLAI=FOR(I LAY
NCON=NCONC(1)+1
DFLBCOITN+1)=DFLI(NCONs2+1)#104%%6
DFLOCITN4+1)==-DFL(19231)%10,%#%6
DFLICITN41)=DFL(1+4292)%104%%6
DO 182 IR=2s12
GAP(IR)=(DR(1)-DR(2))/72s
THETA—(Z.*S.1415927/2)*FLOAT(IR-E)
CS=COS(THETA)
SN=SIN(THETA)
NUR1=NUR(IR-1+¢1)
NUR2=NUR( IR—11+2)
GAP(IR)—GAP(IR)+DFL(NUR1’l'l)*SN—DFL(NURl'2'1)*C5 —DFLINURZ2s1142)%SN
1+DFL (NUR2¢24+2)%*CS
CL{IR)=GAP(IR)Y—CON2#(FORC(IR+1)%#AAN2+FORC( IR 2)%*AAN2)-~D
1+DC(IR—1)*AMPL
182 CLRN(IR=~1+ITN+1)=CL(IR)#104%#%6
BDFL=(DFL(1+2+2)+(CON1*(FORC(2+1)%¥AAN1+FORC(2+2)¥#%AAN1)/26
1-CONZE(FORC (291 )#*AAN2+FORC{2+2)##AAN2) )=~DFL (1924 1 )+DFLI(NCONs2+1)
24+CLN)¥10¢%X%6
STFN=FR/BDFL
DFLT(ITN+1)=8DFL
RGDT(1TN+1)=FR/BDFL
, WRITE(6s444) BDFL+STFN
444 FORMAT(//1X+19HBEARING DEFLECTION=+E12¢4+5H U IN/
11X+22HAVe BEARING STIFFNESS=+E124¢4+9H LBS/7U IN//)
WRITE(6+4400) (CL(I)es1=2+12)
400 FORMAT(//1Xv17HRADIAL CLEARANCES+/11(1X+F10e6)7/)
CALL LMAT
RMS=SQRT(ERR (2% (Z/2e+12)))
RMSER( I TN)=RMS
WRITE(6+190) RMS
190 FORMAT(//1X+31HRMS ERROR IN LOAD DISTRIBUTION=+F10,65)
IF{ITNeGE«20) GO TO 184
IF({RMS«LT«GRMS) GO TO 184
GO TO 1000
184 CONTINUE
WRITING RESULTS UPTO STATEMENT NOe 392
WRITE(6+16) FRsAMPL sD+ AL +RHO « RPM

16 FORMAT(1H!I»//13H RADIAL LOAD=+F7094H LBS/35H AMPL ITUDE OF RELIEF
10N OUTER RACE=+F8¢5+7H INCHES/17H ROLLER DIAMETER=+F8e¢5+7H INCHES/
215H ROLLER LENGTH=+FB80e597H INCHES/36H SPECIFIC VWEIGHT OF ROLLER MA
3TERIAL=1F8¢5912H LBS/(IN®%3)/19H SPEED OF ROTATION=9¢F10e194H RPM/)

WRITE(6+17)

17 FORMAT(///741 ITNe 1 7Xe46HRADIAL CLEARANCES AT ROLLER POSITIONS IN U
1 INS/Z1Xe3HNO 1SXe 1HI 66X ITH206X 1 1H3 46X 1HL4 16X 1HS1E6X e 1HEIEXs1HT16X
21HB16Xes1HI15Xs2H1 05X 2H11/)

DO 18 I=1+1TN
18 WRITE(H6+20) T (CLRN(JsI)vJ=1911)
20 FORMAT(1XeI331X111F7.0)
VRITE(6410)

10 FORMAT(///1Xes3HITN121X¢38HLOAD DISTRIBUTION AMONG ROLLERS IN LBS/
11X e3HNCoISXe1H1 96X IH2+6X e 1H3 16X 1H4 96X 1HS 16X 1HEs6Xe1HT796Xs 1HB
26X11H915X12H10¢5X e 2H11/)

DO 15 I=14+4ITN
WRITE(G6911) 1+¢(FOR1(Js1el)aU=19e11)
11 FORMAT(1XsI3+1X411F7,0)
IF({RPMeLTo0,001) GO TO 15
WRITE(64¢12) (FOR1({(Je2e1)esJU=1+11)
12 FORMAT(5X311F7.043X14H1eRe)
1S5 CONTINUE



21

L2
WRITE(64+21) -
FORMAT(///1Xe3HITNsSXs46HDEFLECTION OF BODY DFLN STFNS RM
1S ERR/1X93HNO« v3X94HO0Re *3X94HI aRe t3X94HBRGo *2X+7HOF OeRe +3Xe¢20HLB

27U IN IN LD DTBN/)

24
28
23
25

26

2001

2002

2003
2004
2005
2006
2007

391

390
392

0O0o0

DO 25 I=1+1TN

IF(I.EQel) GO TO 28

WRITE(E+24) 1+DFLOCI)sDFLICI) «DFLTCI)sDFLB(I)*RGDT(I) «RMSER(])
FORMAT(1X9I3403F 7409F8,093XeF8s304XeF8e2)

GO TO 25

WRITE(6+23) 1+DFLT(I)sRGDT(1)

FORMAT(1X+13+14X+F740911X9F8e3)

CONTINUE

WRITE(6+26)

FORMAT(/7X+29HALL DEFLECTIONS ARE IN U INSs)
CLN=(DR(1)-DR(2))/2e=D
BN=CLN/ABS(CLN)*(FLOAT(NRACE(1))%10*%5+FLOATI(NRACE(2))*104%%4+
1ABS(CLN) #104#*6+AMPL %104 %#%4)

IF(NTYP-2) 2001200242003

WRITE(64+2005) BN

GO TO 2004

WRITE(6+2006) BN

GO TO 2004

WRITE(6+2007) BN

CONT INUE

FORMAT(///1Xe3H%%%92Xs 1SHBEARING NOse RSsF7e092X3H¥%%///)
FORMAT(///71Xe3H%%x¥%42X+» 1SHBEARING NOs RRsF7e002Xe3HX%%///)
FORMAT(///71Xe3H#% %+ 2X s 1SHBEARING NOe RTeF7e0¢2Xs3Hit%%///)
WRITE(6+391)

FORMAT(1H1+38H DEFLECTION OF POINTS ON RACES IN INS ///9Xs Y
110HOUTER RACE 31X+ 10HINNER RACE//) .
NCON1=NCONC(1)+1

NCON2=NCONC(2)+1

NCON=NCON1

IF (NCON2,GT«NCON1) NCON=NCONZ

DO 350 1=1+NCON

ITT11=NOF(I+1)

I1I12=NOF(1e¢2)

VRITE(6+392) TI1I11+DFLCIs191)sDFL(TI9201)91112DFLCI01¢2)9DFL(TIs2¢2)
FORMAT(1Xs1442E146419X11442E1444)

IF(NSF=1) 300, 2C0,+300

¥ OX K R ¥ K G K K K X X X K K X X ¥ ¥ K K K £ ¥ %k K ¥ ¥ X % % ¥ ¥ %

CALCULATION OF NODAL POINT FORCES

¥ ¥ ¥ % ok F X ¥ K K X K H X ¥ X ¥ X F K ¥ X ¥ A X K ¥ ¥ K X X ¥ ¥ ¥

200 CALL FORCE

REWIND 1

DO 989 LA=1+2
NPA=NPART (LA)
DO 989 1I=1+NPA

989 READ(4) Ms(UCILAYs =] oM)

OO0

L B R . A B R R I I B RN I A B B

CALCULATION OF STRESSES

EE R S R I R R B R I R I B R T R A A A )

CALL. STRESS

300 CONTINUE

o0

RETURN
END

SUBROUTINE MFM
************************_*********
SUBROUTINE TO FORM MODIFIED FORCE MATRICES
***************%************-)(--!—***
COMMON C(6+6)sDBA(3+6)+DB(316)1A(696)B(316)9ST(704140)9U(70e2) s
INB(30+202)sUT(30e¢202)91UX(16112+2)sNF(3042)+DIS(T70)

2RS(70)*NOF(162+2) sNUR(11+22) sDFL(162+2+2)



OO0 OO0

00

o000

OO0

COMMON/COM1/7X(16292+2)+DRI2)+NFIRST(21+2) ¢ NLAST(20+2) 3

INPART(2) «NSTART(2012) s NEND(2012) 1 NBOUN(2) sNFREE(2) sNCONC(2) »
2VLMI2) s NSRI2)escL(12) s NNN(4) sNRACE(2)1FRYZsCON11CONZ2s AANT + AANZ s
3RPMDsAL'RHOYYIFOR( 12+2) +FORC(1212) s ITN'ERR s AMPL * NSF « NPRO s NPR ¢

4RBF(2)'REF(2)sUF(2)'DC(11)BDFLFOR1(11+2220)

40
41
* *

31

32

33
30
¥ %

35

36

38

37
34

54

55

DO 20 LA=1,.2

DO 5 LL=1s2

DO 5 I=1.+70

UCTeLL)I=0o

LF=1

IF(LAEQel) LF=2

NFRE=NFREE (LA}

NPA=NPART (LA)

E T S B S S R S R N R N S T 2 A RN S S TR S SR
READING BODY FORCE MATRIX FROM TAPE NO. 4

¥ ¥ R X X ¥ K K R K X E K R F K XK R F X OE N E X X XK ¥ X X X ¥ x
DO 10 II=1+NPA

READ(4) Me(UCTIsLAYI=1sM)

M2=NFRE*( INFIRST(II+1+LA)=1)={NFIRST(IIsLA)-1))

IF(M=M2) 40441 +40

STOP

CONTINUE

H O X X X W F K R O XX X O® K K ¥ XX W K XK HEE X XXX K X ¥ X
ADDING EXTERNAL LOAD TO BODY FORCE MATRIX TO FORM TOTAL FORCE
MATRIX

¥ X ¥ F X X X X ¥ X H %K X O K X X ¥ X ¥ X ¥ ¥ OEK K X ¥ ¥ X X X X x
K=NFIRST{(IIsLA)

L1=NFIRST(II+1+LA)~1

NCON=NCONC (LA}

DO 30 J=1 +NCON

X ¥ OF X X X % O % E K X K ¥ ¥ X K X K X OO X K X X K X X X X X
To TEST WHETHER NOF{(JUsLA) IS IN THE PARTITION UNDER STUDY OR NOT
*******************************%*
MM=NOF ( JosLA ) =K

IF (MM)304314+31

M1=NOF (J+LAY-L1

IF(M1) 32232430

DO 33 I=1NFRE

NMI =NFRE¥MM+ I

UCNMI s LAY=UINMIsLLA) +UX (Js TsLA)

CONT INUE

CONT INUE

¥ % ¥ F X ¥ F X X F ¥ X X ¥ X K X ¥ F ¥ ¥ ¥ ¥ X X ¥ ¥ ¥ X ¥ X ¥ ¥
INTRODUCING PRESCRIBED DISPLACEMENT

¥R K OFK F S O R W X H X X H R K X OE X K OE R E X E X X X OFEE E O X
NBO=NBOUNI(LA)

DO 34 I=1NBO

¥ O ¥ ¥ X X X X X ¥ ¥ ¥ ¥ X X ¥ 3 X X F X X ¥ ¥ OH X X K ¥ ¥ ¥ X %
TO TEST WHETHER NF(I+LA) IS IN THE PARTITION UNDER STUDY OR NOT

¥ ¥ X K X X X H X ¥ ¥ X K ¥ ¥ K X H X ¥ X ¥ X X X ¥ ¥ X ¥ X X ¥ x
MM=NF (I sLA)~K

IF(MM) 34,35:35

M1=NF(T+LAY=L1]

IF(M1) 36436434

DO 37 J=1sNFRE

IF(NB(IsJsLA)) 37438437 ' ST
NMI=NFRE*MM+J

UINMI+LAY=UT (I sJsLA)

CONT INUE

CONT INUE

DO 54 1=1+M

UlGT+LAY=UCTLAY=-U(]sLF)

WRITE(L) MeCUCTspAYI=1 M)

IF(NPA-IT) 55410.55

READ(2) MaNs» ((ST(1eyU)eI=1eN)sU=1M)



OO0

CO0O00000

56
10
20

%k
*

*
*

38

31

51

52

53
50

32

33
* %

30

35

36

DO 56 L=1N

UCLsLF)I=0.

DO 56 I=1M
UCLsLF)=ULSLFI+ST(L s I HFUILA)
CONTINUE

CONTINUE

RETURN

END

SUBROUT INE SOLVE

iy

LA A A A R B I N R B S I
SUBROUTINE TO SOLVE FOR DISPLACEMENTS BY BACK-SUBSTITUTION

DIMENSION AM(70¢140)+.8M(70470)

S G L R R R R T R R B R R

COMMON C(6+6)+DBA(316) +DB(336)11A(616)+B(346)9ST(70+140)eU(T7042)
lNB(30'202)OUT(300292)9UX(1619202)ONF(3012)ODIS(7O)0

2RS{T0)+sNOF(16212)+NUR(1112)+DFL(162¢2+2)

COMMON/COM1/7X(162+22) +DR(2)sNFIRST(2142) +NLAST(20¢2) ¢
INPART(2) e NSTART(20+2) s+ NEND(2042) ¢+ NBOUNI(2) s NFREE(2) « NCONC(2) »
2VLMI2)9NSR(2) +CLI12) ¢« NNN{4) s NRACE(2)sFRsZ+CON1 +CON2s AAN1 s AANZ s
3RPM’D'AL'RHO'Y!FOR(1292)1FORC(120°)oITNsERRvAMPL'NSFvNPRO!NPRv

4RBF(2)2REF(2)yWUF(2)+DC(11)+BDFL.+FOR1I(111+2+20)
EQUIVALENCE(AM{121)sST(191))s(BMI1e1)2AM(1+T71))
DO 20 LA=1+2

LF=1

IF(LAsEQel) LF=2

NCON=NCONC(LF)+1

NFRE=NFREE(LF)

NPA=NPART (LF)

DO 144 LL=1+NPA

BACKSPACE 1

READ(1) Mo(U(IsLA)oI-]qM)

IF(LL-=1) 30.38+30

READ(2) Ms((AM(Teg)sI=1oeM)ed=1M)
DO 31 I=t«M

DIS(1)=0.

DO 31 K=1M
DISCII=DISII+AM( [+ K)HUCK oLA)Y

WRITE(4) Me(DIS(I)eI=1eM)

TO FIND DEFLECTION OF POINTS ON RACES
DO 50 J=1+NCON

MM=NOF (JaLF)—=NF [RST (NPAsLLF)
IF(MM) S0+51+51

M1 =NOF (JsLF)-NF IRSTI(NPA+1sLF)+1
IF(M1) S52:524+50

DO 53 [=1s+NFRE

NMI=NFRE*MM+1
DFL(Js 1 +LF)=DIS(NMI])

CONTINVE

CONT INUE

WRITE(6+32) NPA

FORMAT(//77H DELTA «12/7)
WRITE(S6433) Me{(DIS(I)sI=1eM)
FORMAT(//3H M=14/(1H 6E16.8))

¥R H O* X R K X K R % % W O ¥ OF X ¥ ¥ O OF ¥R X OE X X K R OE O OE R

DELTA(N) IS STORED ON TAPE NO. 4 NOW
¥ % F E O R K O X OF % o X K K O OF F X ¥ OF ¥ ¥

GO TO 40

*

* X K ¥ ¥ ¥ ¥ K

READ(2) MeNs ({AMITa)s Izt eM)ed=1aM)o{(BMIToJd)sI=1 M) ed=1N)

DG 35 I=1+M

UCIWLFI=0o

DO 35 J=1N
UCTsLFY=UCTsLPAY4BMI T« J)*DIS(Y)
DO 36 I=1¢M
UCT«LAY=UTsLAY-UCTsLF)



OO0

el eNe!

OO0

Lus
DO 37 I=14M

DIS(1)=0,
DO 37 J=1M

37 DIS(1)y= DIS(I)+AM(I.J)*U(J-LA)
LLLL =NPA-LL+1

WRITE(6+32) LLLL
VRITE(8433) Me(DIS(I)el=1 M)
TO FIND DEFLECTION OF POINTS ON RACES
DO 60 J=1+NCON
MM=NOF (JsLF)=NF IRST(LLLL sLF)
IF(MM) 60461461

61 MI=NOF(JsLF)=NFIRST(LLLL+1LFI+1
IF(M1) 62462460

62 DO 63 I=1+NFRE
NMI =NFRE*MM+1
DFL(JeloLF)=DIS(NMI)

63 CONTINUE

60 CONTINUE
WRITE(4) Me(DIS(T)el=1M)

40 BACKSPACE 1

144 CONTINUE

20 CONTINUE
RETURN
END

SUBROUTINE LMAT
¥ OX O K ¥ RO K X X X X X X O X O X ¥ ¥ O O X E A X OE ¥ ¥ N X H
SUBROUTINE TO FORM LOAD MATRIX
*********************************
DIMENSION P(6)
COMMON C(6+6)DBA(336) DB(316)19A(6+6)1B(316)1S5T(703140)U(7042)
INB(30+2+2)sUT(304242) 1 UX(1619232)sNF(3Cs2)DIS(70)
PRS(70) s NOF(162+2)+MUR(1142)+DFL(1624242)
COMMON/COMI/X(1624292)1DRIZ2IINFIRST(2142) +NLAST(2092)
INPART(2) sNSTART(20+2)sNEND(Z20+2) s NBOUN(Z2) s NFREZ(2) sNCONC(2) »
2VLMIZ2YsNSRIZ2) ¢ CL12) sNNN{4YsNRACE(2)+FRYZsCONT +CONZ2 AANT s AAND
3RPMsDYALIRHOYsFOR(1212) *FORC(1242)1 ITN'ERR * AMPL s NSF +y NPRO ' NPR
ARBF(2)REF(2)1UF(2)+DC(11)+BDFLFOR1(1192+20)
COMMON/COM2/FCTR+FCTR1 *GRMS+NTYP
ITN=ITN+1
ERR=04
DO 1 I=142
NCON=NCONC( 1)
NFRE=NFREE(1)
DO 1 J=1+NCON
DO 1 K=1.+NFRE
1 UX(JeKe1)=0,
DI=DR(2)
CALL DTBN(FRZsCONL1YAANL1 *RPMsDsALDISRHO+CL*FORITN1BDFL)
IF(ITNeEQs1) GO TO 45
UPTO STATEMENT NO.10 A CONSTANT FORCE 1S ALGEBRICALLY SUBTRACTED -
FROM ALL THE ROLLERS FOR RAPID CONVERGENCEs TAKING CARE THAT NO
ROLLER IS UNDER TENSION.
DFOR=FCTRI1%(FORC(12+2)~-FOR(121+2))
DO 8 I=2412
8 IF(FORC(I12)¢LT«DFOR) DFOR=FORC(14+2)
DO 10 LA=14+2
DO 10 1=2.12
ERR=ERR+(FOR( 1+LA)~FORC(IsLA)) % %2
FORC(I+LA)=FORC(]+LA)=-DFOR
10 CONTINUE
45 CONTINUE
DO 20 LA=1.2
IF(LA~1) 11+12s1]
11 DIA=DRI(LA)

*
*

¥
¥



n &

O0OO0O000

Hqué

SIGN=+14

GO TO 13

DIA==-DR(LA)

SIGN=<1,

DO 21 11=1s11

MM=NUR(ITsLA)

FORI1(ITI+sLA*ITN)=FCR(II+1LA)

IF(ITN=1) 4+5¢4
FOR(11+1.LA>=(FORC(11+1-LA)+FCTR*FOR(xI+1»LA))/(1.+FcTR)
ALOD=FOR(1!+1¢LA)

CALL NPF(ALODsY AL P +MsDsDIA)
THETA=(2,%31415927/2)%FLOAT (1 1-~1)

CS=COS(THETA)

SN=SIN(THETA)

IFCII-11) 14415914

DO 16 I=1+M

MMI=MM+(I-1y e
UX(MMIoloLA)—UX(MMIc1.LA) D([)*SN*SIGN
UX(MMI¢2sLAY=UX(MMI 22+ L A)+P (1) *¥CS*xSIGN

CONT INUE

IFCII-1) 17+19¢17

DO 18 I=1M

MMI=MM—(I—1)

UX(MMI*19LAY=UXIMMI s 1L A)~P(])%*SN*SIGN

UX(MMI e 2 LAY=UX(MMI ¢2+LAI+P( ] ) %CS%SIGN

CONTINUE

CONT INUE

CONT INUE

CONTINUE

WRITE(6:150) (FOR(T1¢2)91=2212)

FORMAT(1X+38HLD DTBN AT l+Re BEFORE NEXT ITERATIONs/1Xs11F11e4)
SECTION BELOW BALANCE THE VERY SMALL UNBALANCED FORCE THAT MAY BE
PRESENT BETWEEN BODY FORCE AND EXTERNAL FORCE WHEN THERE IS NO
CONSTRAINT OF THE RACE IN Y-DIRECTION. THE UNBALANCED FORCE 1S
ALWAYS SO SMALL THAT ITS EFFECT IS INSIGNIFICANF AS REGARDS TO
STRESS DISTRIBUTIONs BUTs IF NOT CONSIDERED WILL INTRODUCE LARGE
BODY DEFLECTION OF THE RACE IN Y-DIRECTION.

DO 30 LA=1.2

REF(LA)=0.

NCON=NCONC(LA)

IF(1-NSR(LA)Y) 30+25+30

DO 26 1=1sNCON

REF{LA)I=REF(LA)Y+UX( T2 A)

UF (LA)Y=RBF(LA)+REF(LA)

WRITE(6+27) RBF(LA)*REF(LA)'UFILA)

27 FORMAT(1X921HRESULTANT BODY FORCE=1E16.8/1X+21HRESULTANT EXTL FORC

*
*

OO0

*
s

1E=+E16¢8/1X1 1 7HUNBALANCED FORCE=1E168)
UF(LA)Y=UF (LLA) /FLLOAT (NCON)

DO 28 1=1+NCON
UX{1920LA)=UX(Ta2+LA)=UF(LA)

CONT INUE '

RETURN

END

SUBROUT INE DTBN(FR*ZsCON*AANIRPM'DIAL DI yRHOYC1FOR I TN'BDFL)
*{-*******************************
SUBROUTINE TO FIND LOAD DISTRIBUTION IN A ROLLER BEARING

US ING NEWTON RAPHSON METHOD
**%***%**********%***************
DIMENSION PD1(12)+PD2(12)PD3(12)9DEL(12)9C(12)4ERR(12)'FI(12)
IFOC12)2THETA(12)+EQ(12)+FOR(12+2)

WRITE(6+600)

600 FORMAT(//1H +37HCALCULATION OF LOAD DISTRIBUTION IN A/

11X 3SHBEARING USING NEWTON RAPHSON METHOD//)



o000

AN=1+4/AAN L7
AK=(24/CON) **AN
WRITE(6+150)AK ¢+ AN
150 FORMAT(1X+s3HAK=9E14e715X93HAN=2F10¢4)
DO 18 J=2+12
18 THETA(J)=2.%3+14159%(FLOAT(U-2))/Z
INNER RACE ROTATION. CALCULATION OF CENTRIFUGAL FORCE
ARPM=(RPM*DI/Z(2.,%(D+DI )} ) ) *(3.1415927/30.)
RHC 1S SPECIFIC WEIGHT IN LBS/(IN%X%*3)
FC=RHO¥3.1415927% (D#%2) #AL*{ (DI4D) /2 ) # (ARPM¥*¥2) /154546
cCtnH=G6{U)~D
CALCULATION OF APPROXIMATE DEFLECTION. THIS IS DONE BY
CONSIDERING A BEARING AT STATIC CONDITION WITH NG CLEARANCE.
DEL(1)=(4¢0B*¥FR/(0eS¥%1e11%Z%AK))#*%¥(1e/AN)
DO 12 U=2+7 '
12 DEL(J)=DEL(1)*¥COS(THETA(J))/ 2.
DO 8O JU=8+12
80 DEL(J)=0,0
IF(DEL(1)+LTesC(2)) GO TC 97
31 S=0.
IF(DEL(1)eL.TeOs) GO TO 96
GO TO 98
96 IF(DEL(2)+GE«Oe) GO TO 97
DEL(1)=0,
GO TO 98
97 DEL(1)=24¥DEL(2)+C(2)
IFIDEL(1)eGE«GCe) GO TO 98
DEL(1)=0,
98 CONTINUE
DO 95 J=24+12
IF(U(DEL(1 )% COSITHETA(U))=ClU))elLELOe) GO TO 94

IF(DEL(J)oLTo(DEL(1)*COS(THETA(J))—C(J)){ GO TO 95
DEL(U)=(DEL(1)*COS(THETA(J))~C(J)}/ 2
GO TO 95

94 DEL{UY=0,
95 CONTINUE
FORMATION OF MATRIX EQ
DO 22 J=2.+12
IF({THETA(J) eGT 40 1E-20) e ANDe ({THETA{UJ) e LTe3e1)) GO TO 21
TAO=0.5
GO TO 22
21 TAO=1.0
22 S=S+TAO*DEL (J)**¥AN%*COS(THETA(J))
EQ(1)=FR/(2,%AK)=-S
DO 24 J=2+12
IFC((DEL (1 )%COS(THETA(U))=C{U))sGT40s1E~-20) GO TO 23
EQ(J)=0,0
GO TO 24
23 EQ{U) =(DEL(1)*¥COS(THETA(J))-C(J)=DEL(J)) #¥*¥AN—DEL( J) ¥¥AN—-FC/AK
24 CONTINUE
FORMATION OF PARTIAL DIFFERENTIAL MATRIX PD
DO 30 I=1412

PD1(1)=0.
PD2(1)=0,

30 PD3(1)=0,
DO 33 I=2.12
IF((DEL(1)%¥COSCTHETA(1))~C(1))eGTe0e1E~-20) GO TO 32
GO TCo 33

32 PD3(1)=AN#(DEL (1 )%COS{THETA(I))~C(I1)-DEL(TI})#*(AN=14)

1#¥COS(THETA(I))

33 CONTINUE
DC 35 J=2+12
IFI(THETA(U)eGTeO0W1E=20) e AND {THETA(UJ) L Te3el)) GO TO 34
TAC=0¢5
GO To 35



L48

34 TAO=1.0
35 PD1(JY=-ANXTAO¥ (DEL () #%¥ {AN—14) ) ¥COS(THETA (J))
DO 37 [=2+12
IF((DEL (1 )#COS(THETA(I))I-C(1))eGT40,1E~20) GO TO 36
GO TO 37
36 PD2( 1) ==AN*((DEL(1)¥COS(THETA(I))-C{I1)-DEL(1))*#{AN—14)+DEL(])3**
1(AN=16))
37 CONTINUE
SUM1=0.
SUM2=0e
DO 86 [=2s12
IF(ABS(PD2{1))eGT&40e) GO TO B85
GO To 86
85 SUM1=SUM1+PD1(]1)*EQ{1)/PD2(1)
SUM2=SUM2+PD1 (1) *PD3(1)/PD2(1) -
86 CONTINUE
ERR(1)=(EQ(]1)=SUM1)/SUM2
DO 90 i=2+12
IF(ABS(PD2(1)) «GTe 0.) GO TO 87
ERR(1)=0,
GO TO 90
87 ERR(I)=—=((EQ(1)/Pp2{ 1))+ (PD3(1)*ERR(1)/PD2(1)))
90 CONTINUE
DO 45 1=1.12
IF(I1.LEe1) GO TO 4a
IF((DEL(1)%#COSITHETA(I))=C(1))eGT40,1E-20) GO TO 44
DEL(1)=0,.
GO TO 45
44 DEL(1)Y=DEL(I)Y+ERR(1)
45 CONTINUE
DO 25 J=2+12
IF(DEL(J)eGE«Oe)CO TO 25
DEL(J)=0,
ERR(J)=0,
25 CONTINUE
ERR1=0,
DO 47 J=1+12
47 ERR1=ERR1+ERR(J) ¥%*2
RMS=(ERR1/(Z/2 0424 ) ) %#%#0.5
IF(RMS+GT.041E-5) GO TO 31
IFCITN=1) 62+604+62
60 CCl=C(2)
IF(C(2)sLEeOs) CC1=0,
BDFL.=(DEL(1)=CC1)%10,4%%3
WRITE(6+61) BDFL
61 FORMAT(///s44H BEARING DEFLECTION CONSIDERING STIFF RACES=sF6e2+
15H THOUs///)
62 IF(RPMeGT«0eslE~-20) GO TO 55
NO ROTATION OR STATIC LOAD DISTRIBUTION
.DO S0 I1=2412
FICI)Y=AK¥DEL (I)¥#x%AN
S0 FOUI)=FI(1)
WRITE(64S4)(FI(1)ye1=2e12)
5S4 FORMAT(//1Xe24HSTATIC LOAD DISTRIBUTION/1Xe11(1X+F1044))
AF 1=0,
DO 175 I=2+12
IF(CTHETA( 1) eGCTa0e1E=20) ¢ ANDe (THETA(1)elL.Te3e1)) GO TO 174
TAO=1.0
GO TO 175
174 TAO=2.,0
175 AF1=AFI1+TAQ#FI(1)*COS(THETA(I1))
WRITE(6+176) AF1
176 FORMAT(//1X+24HRESULTANT EXTERNAL. LOAD='F7.0+4H LBS)



s NeNe

O

Lu?

DYNAMIC LOAD DISTRIBUTION
IF(RPMeLT+0.1E~-20) GO TO 200
55 DO 56 I=2+12
FICI)=AK*DEL (1 )%*AN
56 FO(I)Y=F1(1)+FC
WRITE(6+58)(FI(I)s1=2412)12(FO(1)s1=2+12)
AFI=0.
AF0O=0,
DO 186 1=2+12
IF((THETA(TI)eGTa041E-20) e AND(THETA(1),LTe3e1)) GO TO 184
TAO=1.0
GO TO 185
184 TAO=2.0
185 AFI=AFI1+TAO%F1(1)*COS(THETA(1))
AFO= AFO+TAO#FO( 1)*COS(THETA( 1))
186 CONTINUE
WRITE(6+187) AF1sAFO
187 FORMAT(//1X+43HRESULTANT LOAD ON INNER AND OUTER RACES ARE+*F7.0¢
1SH AND +F7.0¢17H LBS RESPECTIVELY)
58 FORMAT(//1X+25HDYNAMIC LOAD DISTRIBUTION/1X+18HLOAD AT INNER RACE/
11 X911 01XeF1044)/1X218HLOAD AT OUTER RACEZ1X+11(1XsF1044))
200 DO 70 J=2+12
FOR(J+ 1)=FO(J)
70 FOR(J+2)=F1(J)
RETURN
END

SUBROUTINE NPF (ALOD*YsAL*P+MesDDIA)
*******************-****************
TO DISTRIBUTE INDIVIDUAL ROLLER LOADS OM THE NODAL POINTS IN THE
CONTACT AREAs TAKING SEMI-ELLIPTIC STRESS DISTRIBUTION.
¥R ¥ X O ¥ ¥ O K N R X ¥ X ¥ X O X ® R X X ¥ S X FE X X K X X X K

DIMENSION P(6)DS(6)+15(6)
SR=(2e/D)+(2s/DIA)
SR 1S THE SUMMATION OF PRINCIPAL CURVATURES
B=SQRT{( (7.28%ALO0D) /(341415927 Y#SR¥AL)) .
IN THE ABOVE EQUATION FOR Bs FACTOR 7.28 15 OBTAINED TAKING
POISSON’S RATIO FOR STEEL TO BE 043 ’
DS(11=0.0
DS(2)=VU,00025
DS(3)=0,00100
DS(43=0,002z5
DS(5)=0,00425
DS(6)=0,00775
DO 20 I=1+6

20 P(1)=0e
IF(BeGT+DS(2)) GO TO 3
M=1
GO TO 8

3 IF(BoGTeDS(3)) GO TO 4
M=2
GO TO 8

4 IF(BeGTeDS(4)) GO TO 5
M=3
GO To 8

5 IF(B«GT.DS(5)) GO TO 6
M=4
GO TO 8

6 IF(BeGT«DS(HY) GO TO 7
M=5
GO TO 8



0 0O~

10
12

13

14

15

100

M=6

IF(M—1)10+9.10

P(1)=ALOD/2»

GO TO 100

DO 12 [=1+M
S{1)=((2.%ALOD) /(3. 14159%B*AL ) I*SQRT(1,=-(DS{])/B)Y**2)
DO 13 JU=2«M
PlU=1)=({S{U=114+S(J))I/2)3#¥(DS(V)-DS(J-1))*AL
PIM)=(SI(M)X(B-DS(M))/2+) *AL

P1=0,

DO 14 I=1sM

Pi1=P14+P(1l)

DO 15 JU=2M
PlU=1)=P(JU=114+((ALCD/2.=-P1)/B)*(DS(U)=DS(J~-1))
P(M)=P(MY+( (ALOD/2¢=FP1)/B}*(B=DS(M))

CONT INUE

RETURN

END

L50

SUBROUTINE FORCE

TR N R I IR A T IR N N R R I I I R IR
SUBROUT INE FOR CALCULATING NODAL POINT FORCES

% R K X R F OF R K ¥ X K X K OE X K O R F ¥ ¥ K ¥ X K O ¥ ¥ ¥ X *
DIMENSION AM(70+¢140)+sBM(70+70)

COMMON C(6+6)+DBA(3v6)1DE(396)1A(616)1B(316)+ST(70+¢140)+UL70+2)
INB(304242)+sUT(3042+2)sUX(161+212)+NF(3042)sDIS(70)

2RS(T70)sNOF(162+2) +NUR(11+2)3DFL(162+21+2)

10

18

25
26

24

27

31

30
29

35

COMMON/COM1/7X(162+2+2) +DR{2) 'NFIRST(214+2) +NLAST(20+2)
INPART(2) «NSTART(20+2)»NEND(20+2) « NBOUNI(Z2) «NFREE(2) «NCONC(2)
2VLMU2) sNSRI2)Y+CL U 12) +NNN(4) INRACE(2)19FR1Z+CON1 +CON2sAANT1 + AANZ ¢
3RPMeDIAL yRHOWYIFOR(12¢2)+FORC(1292)+ I TNsERR ¢+ AMPL * NSF ¢ NPRO ¢ NPR +
ARBF(2)yREF(2)sUF(2)+DC{11)+BDFLsFCRI1(11+2+20)

EQUIVALENCE(AM141)9ST(1+1))e(BMU19]1)0AM(171))

WRITE(&410)

FORMAT(1H1+«19H NODAL POINT FORCES//)

DO 20 LA=1+2

LF=1

IF(LA«EQel) LF=2

DO 18 [=14+70

RS(1)=0,

NFRE=NFREE(LLA)

NBO=NBOUNI(LA)

NPA=NPART (LA)

DO 144 LL=1«NPA

READ(3) Mel(AMUT s ) e Uu=1sMIsI=1eM)

IF (NPA-LL) 25¢264+25

READ(3) MeNs ((8MUTeU)sJ=11N)sI=]eM)

BACKSPACE 4

READ(4) M«(DIS(I)sI=1eM)

DO 29 I=1sNBOC

K=NFIRST(LLsLA)

L=NFIRST(LL+1sLAY~1

MS=NF(1+LA)-K

[IFI{MS) 29124424

MI=NF(I.LA)-L

IF(M1) 2727429

DO 30 J=1 NFRE

IF(NB(Ie+J2LLA))Y 3031430

NMI=NFRE#M5+J

AMINMI sNMI }=AM{NM]I s NMI ) ¥« 1E~-10

CONTINUE

CONT INUE

IF(NPA-LL) 35+34+35

BACKSPACE ¢

BACKSPACE 4



READ((4) No(U(IqLF)cI=l}N) tiSI

34 DO 40 I=1eM

UCTs+LAY=RS(1)
DO 42 K=1M

42 UCT+LAY=UCToLAY+AMIT oKI*¥DISIK)

IF(NPA-LL) 43440443

43 DO 44 | =1 9+N
44 UG AY=UCTeLAY+BMC I 1L )XUILILF)
40 CONTINUE

IF(NPA-LL) 474144447

47 DO 49 1=1ssN

RS(1)=0.
DO 49 K=1«M

49 RS(1)=RS(I1)+BM(K+ 1) *¥DIS(K)
144 VWRITE(6353) (Ul A)eI=1sM)
53 FORMAT(1H 6E13e4)

BACKSPACE 4

20 CONTINUE

C ¥ *
C
C ¥ *

24
25
26
27
28
45

30

22

23

31
32

RETURN
END

SUBROUT INE STRESS

¥ % ¥ K X ¥ K X X X X KK X KR X X R E X K X XK XX K XX X KX X

SUBROUT INE FOR CALCULATION OF STRESSES

¥ O K X X ¥ X X X X X ¥ K ¥ ¥ ¥ X X ¥ ¥ ¥ F ¥ X ¥ X ¥ * ¥ X X ¥ x

DIMENSION NOD(3)

COMMON C(6+6)*DBA(316)DB(346)1A0515)483(3+5)3S5T(70+140)9U(7042)

INB(300212)sUT(304242)+UX(161¢242)sNF(30¢2)4DIS(70) ¢
PRS(T70)sNOF(162+2) sNUR(I1192)sDFL(162+2+2)
COMMON/COM1/X(162+212)sDRI2)'NFIRST(21¢2)+NLAST(20+2)
INPART(2)sNSTART (202 ) sNEND(2042) s NSOUNI(2) + NFREE(2 ) + NCONC(2) s
2VLLMI2) ¢ NSR(2)2CL 1 12) «NNN{4) yNRACE(2)+sFReZ+CON1sCONZ2s AAN1 1 AANZ2 s
3RPMsDs AL RHOsY sFOR( 12321 sFORC(12¢2)2 I TNERR«AMPL s NSF sNPROINPR s
4RBF(2)sREF(2)sUF(2)+DC(11)+BDFLFOR1(1]192+20)

DO 20 LA=1+2

NPA=NPART (LA}

DO 144 LI =1+NPA

IF(LA=~1) 24425424

WRITE(6+26)

GO TO 28

WRITE(64+427)

FORMAT(1IH1+10MINNER RACE)

FORMAT(1H1+ 10HOUTER RACE)

WRITE(6+45) LL

FORMAT(1H +13HPARTITION NO+I2)

WRITE(6430)

FORMAT(//5H NODEs 16H X-DISPLACEMENTS:16H Y-DISPLACEMENTS)
K=NF IRST(LL.LA)

L=NLAST(LLsLA)

NST=NSTART(LLsLA)

NEN=NEND (LLsLA)

LK=NFIRST(LL+1sLA)

MM= K=K

BACKSPACE 4

READ(4)Y Me(DIS(I)el=1eM)

IFINPA-LL) 22+23.22

BACKSPACE 4

BACKSPACE 4

READ(4) Ns(RS(I)eI=14sN)

CONTINUE

IF(2xMM=M) 314¢324+31

STOP

CONT INUVE

DO S0 I=1+MM

NN=K+1~1



OO0 0O00

33
50

34

"WRITE(6+33) NNsDIS(2%I-1)sDIS(2%1)

FORMATUIH 2149E14,492X9E14¢4)

CONTINUE

WRITE(6434)

FORMAT(//2Xe3HELM1SX+3HNOD 7X+21HX AND Y CO-ORDINATESISXs
1BHX-STRESS15X18HY -STRESS +4X 19HXY~-STRESS/2X » 3HNQ e + 3X s 7THNUMBERS

210X+ 1 1HOF CENTROID/)

37

38
35

41

42
40

144

20

NELM=NEN-NST+1

DO 40 I1=1sNELM

NEL=NST+11-1

READ(1) ((DBACI10)s1=1+3)1J=1+6)+(NOD(I)eI=123)0RXs0ORY
DO 35 1=14+3

JJI=NODI(1)-K+1

IF(2%JJeGTeM) GO TO 37
C(2%1-1+1)=DIS(2%#0J~1)

C(2%1+1)1=DIS(2%JJ)

GO TO 38

JJI=NOD (1) -LK+1

C(2%I-1+1)=RS(2%JJ-1)

C(2%¥1¢1)=RS(2%JJ)

CONT INUE

CONTINUE

DO 41 I=143

DB(1411=0.

DO 41 J=116
DB(1+1)=DB(1+1)+DBA(I+J)I%C(Js1)
WVRITE(6:42) NEL*(NOD(I)eI=1+43)¢0RX«ORYs(DB(Is1)91I=143)
FORMAT(IH +41442XeF94604X1F94641X13E13¢4)
CONTINUE

INTER=NEN

CONTINVE

BACKSPACE 4

CONT INUE

RETURN

END

The following program 'CHOTTO' can be used for a bearing with
a given combination of races when their stiffness and interme-
diate matrices have been developed and stored (in tape no.8)
by the program 'FINELM'. This saves a considerable amount of
computer time.

OVERLAY (XXs04+0)
PROGRAM CHOTTO(INPUT +OUTPUT + TAPES=INPUTs TAPES=0UTPUT «
1TAPE 1+ TAPEZ+TAPE3+TAPEG « TAPEB ¢« TAPE251TARPE27)

¥ X ¥ X X X X X X ¥ £ ¥ ¥ X X ¥ X X ¥ X K K ¥ X X ¥ ¥ X X ¥ ¥ X X ¥ ¥

THIS PROGRAM 1S USED TO SOLVE THE PROBLEMS OF BEARINGS HAVING A
GIVEN COMBINATION OF RACES WHOSE STIFFNESS AND THE INTERMEDIATE
MATRICES HAVE BEEN CALCULATZID AND STORED (ON TAPEB) BY THE
PROGRAM FINELM

X X ¥ K R ¥ X ¥ ¥ O O X X K O X ¥ ¥ X % O ¥ OF ¥ X ¥ X F ¥ ¥ X ¥ X

COMMON C(6+6)+DBA(396)1DB(396)11A(5646)983(346)2ST{70+140)+2U(7092)
INB(304242)2UT (3042923 3UX(1619292)sNF{30:2)+DIS(70)
2RS(70)sNOF( 156242y s NUR(1192)+DFL{162¢212)

COMMON/COM1/7X{162+212)+DRI2)INFIRST(21+2) sNLAST(2042)

INPART(2) sNSTART(2042) +NEND(2C12) s NBOUNI2) s NFREE(2) s NCONC(2) o
2VLEMI2)3 yNSRI2) s 2L 12) «NNN(4 ) s NRACE(2)sFReZsCONI sCON2 « AANT t AANZ ¢
3RPMIDs ALIRHD Y sFOR(1242)1FORCI12¢2) s ITNYERR s AMPL ¢ NSF +NPROsNPR »
4RBF(2)'REF(2)UF(2)+DCl11)+BDFL¢FOR1(11+2+20)



0O 00

OO0
*
*

COMMON/COM2/FCTR+FCTR1 sGRMS +NTYP L4s3
READ(S+1000) FCTRsFCTR1sGRMSaNTYP -
WRITE(6+1000)FCTRsFCTRI+GRMSeNTYP
1000 FORMAT(1IXsF442412FSe2+15)
CALL OVERLAY(2HXX+140¢0)
READ(S4+10) NPROB
10 FORMAT(14)
DO 40 NPR=1sNPROB
READ(S+20) FRsAMPL ¢+ DAL +RHOYRPMINSF
20 FORMAT(F104104F10,5¢F1041414)
IF NSF=1+ STRESSES WILL BE CALCULATED AND PRINTEDe DEFLECTION
AND FORCES AT EACH NODAL POINT wilLL BE PRINTEDe.
ANY OTHER VALUE OF NSF WILL OMMIT THESE.
REWIND 3
REWIND 4
DO 30 LA=1.2
RBF(LA)Y=0e
IF(VLMILA)eGTeOe) GO TO 25
DEN=0,
GO TO 26
25 DEN=FR/{(2.%VLM(LA))
26 NPA=NPART(LA)
DO 30 II=1eNPA
READ(3) Ms(U(IsLAYsI=1M)
IF(1=NSR(LA)Y) 2942729
27 DO 28 MN=1+M
UIMNsLA) =UI(MNsLA) %XDEN
28 RBF(LA)=RBF (LAY+U(MNsLA)
29 WRITE(AIMs (U TsLAYI=]1 M)
30 CONTINUE
CALL OVERLAY(2HXX+¢2+04¢0)
NPRO=NPROB-~NPR
AMGN=2000,
AMGN 1S THE MAGNIFICATION TO WHICH THE DEFLECTED SHAPES OF THE
RACES ARE PLOTTED.
CALL DRAW(AMGN)
40 CONTINUE
sSTOP
END

OVERLAY (XXe140)
PROGRAM ONE
CALL RWTN
RETURN

END

SUBROUTINE RWTN

* % O X F X K X ¥ X OF OF K X K X ¥ X K X X OE X K X X K X X X X X

SUBROUTINE TO READ THE DATA STORED IN TAPES BY PROGRAM FINELM

¥ X X X R X K ¥ ¥ ¥ X O K X ¥ X X X K X X X F * ¥ X XK ¥ X X ¥ X ¥

DIMENSION NODI(3)+NELEM(2)+aAM{T704140)sBM(70+¢70)

COMMON Cl6Es6)sDBA(316)DB(3+6)11A(616)198B(346)9S5T(70¢140)+U(T70+2)
INB(30+¢242)1UT(30+12:2)UX(1619242)sNF(3032)eDIS(70)
2RS(70)sNOF(16212) s NUR(I1132)eDFL(162312+2)

CCMMON/COMLIZX (1624221 DRI2)INFIRST(21+2) sNLAST(20+2) ¢
INPART(2) +NSTART {20+ 2)yNEND(20+2) s NBOUN(2) s NFREE(2) +NCONC(2) o
2VLM{2) s NSRIZ2YsCLIT2)Y s NNN(4) ' NRACE(2) sFRYyZICON1 1CONZ2 s AANT s AANZ »
3RPMIDIALYRHEOsY+FOR{1Z2+2) sFORC(12¢2) s ITN'ERR *» AMPL s NSF 2 NPROYNPR 1
ARBF (Z)1+REF{Z) 'UF(2)DC(11)+BDFLIFOR1(11+2+20)
EQUIVALENCE(AM(141)sST(1e1))e(BMC1a1)eaAM(1+71))

REWIND '
REWIND
REWIND

REWIND

*
*

oW~



L4544
READ(8) Z+CON1+CONZ2+AANTsAAN2s (DR(T 9 I=1+22) +NYMeYs (NNN(I)e1=114)
DO 20 LA=142
READ(8) NPART(LA) +NELEM(LA) 'NBOUNI(LA) sNSRULA) +NCONC(LA) sNPA>
1INSTART (I sLA) 2 I=1+NPA) s (NEND(IsLA) s I=1+NPA) s (NFIRST(I*LA)sI=1+NPA)
2o (NLASTCISLA) s I=14NPA)+*NCONt {NOF(IsLA)sI=1sNCON)+NBO+(NF(TsLA)
3I=1+NBO) s ({NB(IsJsLA)s I=1+NBO)sJ=1+2) sNFREE(LA) + LIUTC(TI v JaLA) s I=10

10

20

30

35

40

45

50

52
53

56

55

59

4NBO) +J=1+2) sNRACE(LA)

NF IRST(NPA+1 +LA)=NLAST (NPAsLA)+1
NELM=NELEM(LA)

DO 10 NE=1+NELM

READ(8) ((DBA([+U)1I=1+314J=146)+(NOD(1)+¢I=193)0ORX+0RY
WRITEC1)Y((DBA(TIsU)*21=193)9J=146)+(NOD{1)s1=1+3)+10RXs0ORY

CONTINUE ]

READ(8) NCONs ( (X(TeJsLA)*I=19NCON) eJ=1+2)sVLM(LA)
CONTINUE

DO 30 LA=1+2

NPA=NPART (LA)

DO 30 I1=1«NPA

READ(8) M« (U(TIsLAYeI=1eM)
WRITE(3)IMe (Ul TsLAY» I=1sM)

CONTINUE

DO 40 LA=14+2

NPA=NPART(LA)

DO 40 LL=1+NPA

IF (NPA-LL)Y 40440435

READ(8) MeNes( (AM(ToJ)o I=1sN)eJ=1¢M)
WRITE(Z2IMeNs ( (AM( s J)s I=] eN) e J=1eM)
CONTINUE

DO S50 LA=1+2

NPA=NPART (LA)

DO 50 LL=1+NPA

READ(8) Me ({AM(T o J)eJd=1 M) e l=1eM)
VRITE(3IM« ((AM(TeJ)osJUz=1oM)sI=1M)
IF (NPA~-LL ) 50450,45

READ(8) MeNes ((BM(1sJ)sJ=1eNI)sI=1eM)
WRITE(IIMiNs ((BM(TsJyesJ=1sN)sI=1eM)
CONT INVE

DO 60 LA=1+2

IF(LA«EQesl) GO TO 52

NPA=NPART (1)

GO TO 53

NPA=NPART(2)

DO 59 LL=1sNPA

IF(LL~1) 56¢56¢55

READ(8) Me((AM(Ta U)o I=19eM)eJ=1eM)
WRITE(Z2)YMs {(AMUTaJ)sI=12M)sJ=1 M)
GO TO 59

READ(8) MesNe ((aAM(TaUysI=1sM)su=laM)o((BM{TeU)sI=19M)aU=1+N)
WRITE(Z2IMNs ((AM(TedysI=1M)vJ=1oM) o ((BMIT oY I=12M) eJ=]sN)

CONT INUE

60 CONTINUE

REWIND 8
RETURN
END

OVERLAY (XX42+0)
PROGRAM TWO
CALL SOLN
RETURN

END

Subroutine "SOLN" and other subroutines required in the program
"CHOTTO" are same as those used in program "FINEIM",




RADTAL LOAD= 5000 LLBS
AMPL ITUDF OF RFILTEF ON OUTER RACE= 0.00000 INCHES
ROILYFR NTAMETFR=  .30060 INCHES

ROLLFR LFNGTH= ,45000 INCHES
SPECIFTC WETGHT OF ROLLER MATERIAL= 0.00000 LBS/(IN##3)
SPFEN OF ROTATION= 0.0 RPM
TTN RADIAL CLEARANCFS AT ROLLER POSITIONS IN AL INS
NO. 1 2 3 4 5 6 7 R 9
] -A00 -A00 =600 -600 =600 =hK00 =600 =-600 =600
2 -526 =529 =526 =541 =544 =542 =541 =542 =546
3 -531 -53& =531 =546 -54R =547 =546 -547  =55]
4 -532 =835  -53? =547 =549 -548 =547 =548 =552
5 -532 =536 =532 =547 =549 =548 =547 -548  -552
TTN LOAD DISTRIRUTION AMONG ROLLERS IN LBS
NO . 1 2 3 4 5 6 7 8 9
1 1277 1251 1177 1062 919 763 609 473 368
2 1190 1169 1088 990 847 683 523 385 283
3 1197 1176 1094 997 853 689 530 392 290
4 1198 1177 1095 998 853 690 531 393 291
s 1199 1177 1096 998 BS54 690 531 393 291
ITN NEFLECTTOM oF BODY DFLN  STFNS RMS EPR
NO. 0.P. T.P. BRG. OF 0.R. LR/ZLIN IN LD DTRN
1 361 - 13.853
2 378 279 594 159 R.411 81.53
3 311 266 545 160 9,177 13.82
4 308 264 536 160 9,323 2.36
5 30R - 264 535 160 9,348 b1

ALl DEFLFCTIONS ARE TIM AL TNS.

##2 RFARTNG NO. RR=420600  #sth

- =557

10

=600
=552

=558
=558

10

301

- 223

230
231
231

1

-600
=555

- =559

=560

11

279

203 7
- 210

211
211
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456

PROGRAM MESH( INPUT+QUTPUT « TAPES=INPUT s TAPEG6=0UTPUT s TAPE25+ TAPE27)
C***********************************
C PROGRAM TO PLOT THE FINITE ELEMENT MESH OF THE RACES FROM THE DATA
C CARDS OF PROGRAM FINELM
C*********v\’-***%’r%********************

COMMON/COM2/NUMEL (750) +NUMND ( 1250) «NDE (7509 3) s XX (1250) s YY( 1250) »

1INEL s NND

READ(S+85) XOR1GsYORIG+AMAG

CALL START

CALL PLOT(XORIGsYORIG+-3)

DO 10 LA=14+2

CALL INPUT

CALL DRAW(AMAG)

10 CONTINUE
READ(S+85) PEND
CALL ENPLOT(PEND)

85 FORMAT(3F10,5)
STOP
END

SUBROUT INE INPUT

DIMENSION NSTART(20) +NEND(20) +NFIRST(20) +NLAST(20)

COMMON/ COM2/NUMEL {( 7503 s NUMND (1250) +NDE (750 3) s XX (1250) s YY(1250) »

INEL s NND

READ(5910) NEL +NNDesNPART

DO 20 [=1+NPART

READ(Ss10) NPARINSTART (1) sNENDCI) sNFIRST(I)sNLAST(I)
20 CONTINUE
10 FORMAT(514)

DO 60 11=1+NPART

K=NFIRST(II)

L=NLAST(11)

NST=NSTART(11)

NEN=NEND(I1)

KL=L-K+1

KL3=KL/3

IF(3%KL3-KL) 31+¢32¢31
31 KL3=KL3+1
32 DO 30 I=1.KL3

K3=3#%1-3+K

K2=3%1=-2+K

K1=3%I-14K

READ(S135) NUMND(3) ¢+ XX(K3)sYYIK3) +NUMNDIK2) + XX(K2)sYY(K2)

INUMND (K1) « XXIK1)sYY (K1)

WRITE(6935) NUMND(K3) s XX (KK3) s YY(K3) +NUMND(K2) s XX(K2) s YY(K2)»

INUMND (K1) + XX(KK1)sYY (K1)
30 CONTINUE

NENST=NEN-NST+1

NENST4=NENST /4

IF(4®¥NENST4=NENST) 41+42941
41 NENST4=NENST4+1
42 DO 40 [=]1+NENST4

N4 =4% [ —44NST

N3=4%]~3+NST

N2=4%]-24NST

N1=4%]—=1+NST

READ(5+45) NUMEL(N&G) s INDE(N4sJ) 2 J=113) ¢« NEP+NUMEL(N3) s

1(NDE(NS3vJ)Y1J=193) sNEPINUMELIN2) s (NDEI(N29J)2J=1+3) +NEP

2NUMEL (N1) 2 (NDE(N1eJ) s J=193) ' NEP
40 CONTINUE
45 FORMAT(4(154314+13))
35 FORMAT(3(14+2F104,6))
60 CONTINUE

RETURN ////
END ~



100

o Ls7
SUBROUTINE DRAW(AMAG)

DIMENSION W(6)12(6)
COMMOMN/COM2/NUMEL ( 7503 sNUMND ( 1250) +NDE({75043) s XX(1250)sYY(1250) »
INEL « NND

W(5)=0.

Z2(5)=0,

Ws)=1.

Z(6)1=1.

WRITE(&+100) AMAG

FORMAT (1 XsSHAMAG=4F 1065}

DO 1 I=1,NND

IF(NUMND(I)#‘I) 2¢142

-

2 WRITE(&6+10)
10 FORMAT(1X+14HNOT COINCIDING)

1

CONTINUE

DO 3 I=1.NEL

DO 4 U=1,3
K=NDE(1+J)

W) =XXIK)*AMAG
Z(U)=YY(K)*AMAG

4 CONTINUE

AREA=OD 4S5 {W(2) % (Z(3)1-Z(1)1)4+W (13 (Z(2)-2(3))+W(3)y*{(Z(1)-Z(2)))
WRITE(6115) Is(NDE(TeJU)sJ=193)2(WIU)eZ{U)eU=143)9AREA

15 FORMAT(1Xe1443(2Xs]4)33X16(2Xs1F10e6)13X1E16.8)

Wea)y=wily
204)=2(1)
CALL LINE (WsZ344140491)

3 CONTINUE

¥* %

OO0

*

18
10

12

14
15

RETURN
END

PROGRAM TABLE( INPUT +OUTPUT» TAPES= INPUT ¢« TAPE&6=0QUTPUT)
¥R K K R X R E R K X K K X A ¥ R OEE KK R KK KK KK X R X KX

PROGRAM TO ANALYSE AND TABULATE RESULTS OBTAINED BY PROGRAM FINELM
¥ Oo¥ X * X R F K R K K K K OF K K X OH K XX KK K K HOE K ¥ X ¥ X %
DIMENSION NBRG(2)+DFL(S)sCOM{10¢10)sP{1194)sNUMCIO)sALSF(4)sNO(4)
IN(4)

2=20,

NCA=0

READ(59+18) NCASE

FORMAT(14)

LINE=0

KK=0

KKK=0

WRITE(6412)

FORMAT(1H1+///////1Xe99HTABLE 7.2 SUMMARY OF RESULTS OBTAINED BY
IFINITE ELEMENT ANALYSIS FOR STEEL RADIAL ROLLER BEARINGS.//)
WRITE(6+15)

FORMAT(3H SL+3Xs7HBEARING +2Xs 4HRADL * I X+ 3HRPM18X+42HLOAD DISTRIBUTI
10N IN THE BEARING IN POUNDS+*9X+14HTOTAL DFLNS INtS5Xs2HAVe4Xe

229HBODY EPSLN LOAD EQVe RACES /3H NO13Xs6HNUMBER ¢ 3Xe 4HLOAD s 2X s
32HIN* 21 Xs ISHROLLER POSITION27Xs7HU IN OF ¢ 7X+11HSTFNS DFLNs7Xs
49HSHRG LOAD/ 135X +3HLBS 12Xe4H100043X s 1H1sa4X e 1H2¢4Xs 1H3 04X 1HGe4Xs
SIHS+4 X9 1HE694Xe 1H794Xs 1HB8 14X e THO13Xs2H1003Xe2H1 113X s4HOeRe 12X
64H] «eRe ' 2X14HBRGo s 2X e 7THLB/U INy 1 X14HO0aRe ¢ 7Xs4HFCTR 12X e 3HLBS/)

CHEXXXF XXX XFXFRAXNIXR READING DATA CARDS H¥¥HAXFHHXX XA R R K EHEHEHHE X XL

20

21

AAK=0,3650~06

AAN=0,9220

NCA=NCA+]

READ(S5921) NO(1) e (NBRG(I)sI=142)+FR'RPMyCsAMPL yRMSeITNINCOM1
FORMAT(14¢7XsAB81A144F840:F842+215)

IF{NCAoNE«NO(1)) STOP

READ(5:22: NO(:;=(DFL(I)=I=1¢5)



()

L58

22 FORMAT(144+5F5.0)
IF(NCA«NESNO(1)) STOP
IF(RPMeGT20e001) GO TO 27
READ(S+25)(NO(JI s {P(IsJ)sI=1911)sN(J) e Jd=122)
FIRST CARD IS FOR STIFF RACES AND SECOND ONE FOR FLEXIBLE RACES
25 FORMAT(14+11F540,12)
DO 26 I=1.:2
IF(NCA«NESNO(1)) STOP ,
IF(lIaNEeN(I)) STOP
26 CONTINUE
GO TO 30
27 READ(S5925) (NOC(UI+ (PUTaJ)rI=1911)sNCUI)eU=14)
FIRST TWO CARDS FOR STIFF RACES ANB SECOND TWO FOR FLEXIBLE RACES
OF EACH OF THE Two CARDS 1ST ONE FOR OeRe AND 2ND ONE FOR IR
DO 29 1=1+4
IF(NCA«NE.NO( 1)) STOP
IF(IsNE«N(I)) STopP
29 CONTINUE
30 IF(NCOM1-1) 33+31.+33
31 KK=KK+1 .
NUM(KK ) =NCA
READ(5932) NO(1)+ (COM(IIRKK) s I=1410)
32 FORMAT(14+41Xs9A8B+A3)
P X I I W W I W N AR H N CALCULATION **********************%*********
IFINCASNENO(1)) STOP
33 CALL EQLOD(FR«RPMyPIPR11PR2)
AVSTF1=FR/DFL (1)

AVSTF2=FR/DFL (4)
DFLI=AAK%XP (1+]1 )%¥%AANX104%%6
DFL2=DFL1
DEL=DFL (1)
IF(CeGTe0e) DEL=DEL+C
EPSLN=045%(1e~-C/DEL)
ARPM=RPM/ 1000,
IF(RPMeGT+0,001) GO TO 38
DO 35 I=1.2
35 ALSF(1)=P(1+[)*Z/FR
GO TO 70
38 DO 39 I=1+4
39 ALSF(I)=P(1+1)%Z/FR
DFL2= AAK*P(I.E)w%AAN*lo.**s
F W W H A N R WA WR[T[NG DATA X R T EE L LS L R LT LT T TLTDESEET T L LT
70 IF(RPMeGT«0.,001) GO TO 48
LINE=LINE+3
VRITE(S6940) NCA'(NBRG(T1)*I=192)yFRYARPM(P(191)+1=1911)DFL1+DOFL2s
1IDFLC1) s AVSTF1+EPSLN ALSF (1) 1PR]
40 FORMAT(1X9 1391 X9AB1A19FS5404F 44091 1FS5e011Xe3F64012XsFBe2316X0
IF5421F6e¢2tF6:03 1 XySHRIGID)
IF(NCOM1—1) 43441443
41 KKK=KKK+1
LINE=LINE+1
IF(KKKeEQel) LINE=LINE+2
WRiTE(gv42) (P(192)01=1!1])1(DFL(I)1I:ava)CAVSTFEODFL(S)QALSF(Z)1
1PR2
42 FORMAT(3Xe1H%919X411F5e091X13F64012X9F6e39F 605X 1F6¢21F6e001X0
1SHFLXBL/)
GO TO 60
43 WRITE(6+44) (PlIa2)91=1911)9(DFL{I)1I=294)9sAVSTF2+DFLLIS)sALSF(2)
1PR2
44 FORMAT(23X111F 5401 1Xe3F6e032X1F6431F640+5XeF6e21F 66041 X2SHFLXBL/)

GO TO 60
48 LINE=LINE+S
WRITE(6450) NCAsI{NBRG(I)1I=142)+FR+ARPMe(P(Iv1)s1=1+11)sDFLIDFL2s

1DFL 1)+« AVSTF1+SPSLNsALSF (1) +PRI



O0O00

50

459
FORMAT { 1Xs13¢1X0AB1A19FS5e03F4e0911F5e001X13F60012XeF6a 316X

IFS5421F621F54011X46HRGD 0OR)

51

52

53
58
54
1
55

56
60

65

67
68
80

85

*
*

*
*

i

15

20
21

25

IF(NCOM1-1) 53+51,53

KKK=KKK+1

LINE=LINE+1

IF(KKKeEQel) LINE=LINE+2

WRITE(6952) (P(1+2)9]=1911)vALSF(2)

FORMAT (2X s [HX920X11 1FS5¢0138XsF6421¢7X+EHRGD IR)
GO TO 54

WRITE(6+58) (P(I+2)+I=1911)2ALSF(2)
FORMAT(23X111FS5e0+38X1F6e2+7Xe6HRGD IR)
WRITE(6+55) (P(193)9I=1411)r(OFL(I1)91=244)sAVSTF2+DFL(S5)+ALSF(3)
PR2

FORMAT (23X3 1 1F 5041 X13F6e012XeF6e31F6e015X1F6e21F 6,09 1Xe6HFLLX OR)
WRITE(6156) (P(I+a)sI=1+11)9ALSF(4)
FORMAT(23Xe 1 1FS+0438XsF6+217TXe6HFLX IR/)
IF((NCAsEQeNCASE) eOR(LINEsGT«42})) GO TO 65

GO TO 20

CONTINUE

IF(KKseEQeO) GO TO 80

DO 68 I=13sKK

WRITE(6167) NUMIT)s (COM(JUal)sU=1410)
FORMAT(1XeI3v 1 H%s3X+9ABsA3)

CONT INUE

IF(NCAEQeNCASE) STOP :
WRITE(6185)

FORMAT ( 1 25X+ 9HCONT INUED)

GO TO 10

END

SUBROUT INE EQLOD(FRIRPMsP1PR1sPR2)

¥R H X X R X X B O ¥ 3 3% X X % K ¥ X F OB ¥ K ¥ ¥ X 3 % A ® ox
SUBROUT INE TO CALCULATE EQUIVALENT RADIAL LOAD OF A RADIAL ROLLER
BEARING FROM THE ROLLER LOAD DISTRIBUTION

R OR OB K O H K X X K ¥ X F X X ¥ X O OF X X X X ¥ X ¥ X ¥ X X X ¥ ¥
DIMENSION P(11s4)y+F(11)eF2(11)

DATA ZsWsP19CRATIOYAJRIAUILIWAIL 2040944514400 0e7T749042456810.65161
0e67543/

NZ=INT(Z/24)+1

Wi=1le/W

CR1=1¢/(1e+CRATIO®*W)

CR2=1e/({le+1e¢/CRATIOH#%*V) h
N=0

DO 50 KK=1s2

N=N+1

NR=N

DO 15 J=1NZ

PHI=FLOAT(J—-1)#2.,%3+1415927/2

FOU=P(JINI/P(]1NR)

F2(J)=F (J)Y#COS(PHI)

CALL SIMRUL(F «Z sV eWeAM2)

CALL SIMRUL(F24Z+11+0s1409AMR)

IF(RPMaGTe0,001)y GO TO 20

CALL SIMRUL(F+Zsp1sP1vAM]1)

GO TO 25

N=N<+1

DO 21 J=1NZ

FOIY=P(JsN)/P (1 +NR)

CALL SIMRUL(FsZ«P13P1+AM])
PRC=CRI*¥((AJR¥AM1 )/ ( AJI¥AMR) ) XX WHCR2*¥ ((AJRFIAM2 )/ (AJ2XAMR) ) % %W

. PRCN=PRC*¥*W]1

ALR=(1e/((PRCN)*#P])=140)%100,
WRITE(6+4100) PRCN+«ALR



el eNe!

*

3¥*

L60

IF(KK«EQe2) GO TO 27
PR1=FR*PRCN
GO TO 50
27 PR2=FR*PRCN
50 CONTINUE
RETURN
END

SUBROUTINE SIMRULIF2+Z+W1eW2+5)
¥ ¥ X ¥ ¥ X K o R ¥ R R ¥ % K O ¥ ¥ O O R R ¥ ¥ ¥ F X ¥ ¥ X ¥ * ¥

SUBROUTINE FOR NUMERICAL INTEGRATION USING SIMPSON’S RULE
¥ ¥ X X OH X R ¥ O O % X ¥ ¥ O ¥ K X ¥ O X o OH ¥ K I ¥ 3 X X ¥ X X X%
DIMENSION F(11)sF2(11)
N2=INT(2/24)
IF(N2%¥2eNE4 INT(Z)) STOP
N=N2/2
IF(N*2eNEeN2) N=(N2~-1)/2
N1 =N2+1
IF(INT(W]1)eEQel) GO TO 11
DO 10 1=1eN1

10 FOI)=F2(1)%*xW1
GO TO 13
11 DO 12 1=1N1

12 F(l)y=F2(1)
13 H=3e1415927/FLOAT(N2)
S=F(1)+4%¥F(2)
N1=N-1
DO 20 1=14N1
20 S=S+2e*F(2%[+1)+4 e *F (2% 42)
IF (N¥2.NE.N2) GO TO 30
S={HX¥(F(2%N+1)+S5)/9¢4247781)%% (1 e /W2)

RETURN
30 S=(H¥(F(2%N+1 ) +S+3e ¥ (FI2%¥N+1 ) +F (2%N+2)1/2)7/9e¢4247781) %% {1 e/W2)

C 100 FORMAT(1X+22HEQUIVALENT LOAD RATIO=s F8¢515X+61HPERCENTAGE INCREAS

Cc

1E IN LIFE AS COMPARED TO ZERO PLAY BEARING=1F6.2)
RETURN
END
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